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Introduction

Smoking is a major cause for several types of cancer, particularly lung cancer and cancers of
the head and neck. Lung cancer is the leading cause of cancer death in both males and
females in America, and is also the leading cause of cancer death worldwide. In America, it
accounts for 28.5% of cancer deaths and 6.5% of all deaths. An estimated 173,700 Americans
will develop lung cancer in 2004 and 160,440 will die from it. The vast majority (85%) of
patients with lung cancer have non-small cell lung cancer (NSCLC) and across all stages of
NSCLC, only 13.6% of males and 17.2% of women survive 5 years from diagnosis. More than
50% of cases are diagnosed at a late stage, for which the 5-year survival is only about 3%.
While the death rate from head and neck cancer is not as high as from lung cancer, it also
remains a major problem. Thus, to reduce lung cancer incidence and mortality, we believe that
developing novel effective therapeutic strategies that target both current and former smokers
who are at risk for development of cancer is vital to achieving tangible progress in patient care.

TARGET is focused on a series of complementary projects designed to obtain data in the

preclinical and clinical settings to help us further understand the epidemiology of lung cancer,

the molecular biology, genetics and epigenetics of lung cancer in the context of tobacco-

damaged aerodigestive tract tissue, and the anti-cancer activity of several promising new

- agents, and various treatment and drug delivery approaches in models of lung cancer and other

aerodigestive tract tumors.

TARGET addresses the following specific goals:

e develop an integrated approach to study genetic susceptibility markers related to
DNA repair capacity in lung cancer using both surrogate tissue and target tissue

e study the genetic instability induced by tobacco-related carcinogenesis and the effects
of chemoprevention on its reversal

« identify and characterize novel biomarkers for early diagnosis of lung cancer to

aid better understanding of the development and progress of lung cancer

« study the process of the hypermethylation of the promoter regions of important pro-
apoptotic genes such as the death-associated protein (DAP) kinase and the p16 gene,
and establish the relationship with dnsease-specmc and overall survival in completely
resected, early-stage non-small cell lung cancer in order to develop an independent
molecular prognostic model! utilizing these important parameters

» evaluate the effects of a histone deacetylase inhibitor on non-small cell lung cancer
cell lines by studying interactions with nuclear retinoid genes, such as RAR-B, and
induction of apoptosis

¢ study the biological effects of the farnesyl transferase inhibitor SCH66336 on signal
transduction and induction of apoptosis in aerodigestive tract cancer models

= better understand the global molecular changes in cellular responses and tumor
suppressor gene FUS1 in order to elucidate its molecular mechanisms in lung
cancer and thereby develop a gene replacement strategy using a FUS1-lipoplex in
expetimental mouse models of lung cancer

» develop perfluorocarbon-mediated gene transfer to allow repeated gene transfer
through reduction and mechanical disruption of the humoral response

¢ develop and validate different anti-angiogenic therapeutic approaches in lung cancer
utilizing both orthotopic and metastatic lung cancer models in mice and identify
optirnal combinations in sequences of anti-angiogenic agents while studying
surrogate markers for their response
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Project 1 Molecular Epidemiology of Lung Cancer
Principal Investigator: Margaret Spitz, M.D., M.P.H.

Specific Aim 1 Create a specimen and data resource

We will enroll (over two years) a consecutive series of 100 lung cancer cases of any histology,
age, gender and ethnicity, undergoing thoracotomy for definitive therapy. These patients will
have detailed epidemiologic risk assessments including tobacco exposure, dietary intake and
family history. Blood samples, bronchial washings and bronchrai blopsles will be obtained on
each patient.

Update:
We have ¢consented 59 cases since receiving DoD approval in May 2004. Forty-two of these

patients have completed surgical resections to date. These patierits are also enrolled in NCI
protacol CPN 81-001, which allows for the collection of blood and sputum specimens from lung
cancer cases and controls.

The UTMDACC IRB recently approved an amendment to Dr. Jonathan Kurie's chemoprevention
study (ID00-230), which allows us to collect blood specimens and valuable risk information data
from current and former smokers without lung cancer. These participants serve as Target
controls, of which there are 21 scheduled in the month of August 2004,

Summary of Tissue Received

Tissue Type # Rec'd
Tumor 42
Normal 42
Adjacent Bronchus 31
For Culture 19
Blood 44
Bronchial Brushes 41
Sputum 25
Demographics

Thirty-eight (64.5%) patticipants are female and 21 (35.5%) are male. Fifty-five participants are
White (93%), 4 (6.7%) are Black, and 1 participant is Asian.

Specific Aim2 Determine the genetic susceptibility profile in surrogate tissue.

We will perform a panel of genotypic {select polymorphisms in DNA repair genes) and functional
(DNA repair capacity, mutagen sensitivity, and COMET) assays of genetic susceptibility on
peripheral lymphocyte DNA from the 100 patients identified in Specific Aim 1.

Bpecific Aim3 Determine the genetic susceptibility profile in target tissue

We will establish bronchial epithelial cell cultures from fresh tumor specimens at thoracotomy of
the 100 lung cancer patients from Specific Aim 1 and perform, in parallel, phenotypic DNA
repair capacity and mutagen challenge assays. We will compare, using FISH analyses, the rate
of concordance of DNA deletions at 3p21.3 and 10g22 loci in cells obtained from bronchial
washings and peripheral lymphocyte cultures of 50 patients. ,



Army Award DAMD17 02-1-0706; Waun Ki Hong, M.D.
Annuz! Report: Reporting Period 01 September 2003 — 31 August 2004

31 August 2004

Update for Aims 2 and 3:

We have genotyped for select

) ’ X Dose-response curye
performed functional assays (DNA repair

capacity, mutagen sensitivity, COMET,
and telomere length) on peripheral
lymphocyte DNA from the patients
identified in Specific Aim 1.

polymorphisms in DNA repair genes and 1
i - 100%

DRC (%)

75-80%

20 40
BPDEdose (uM)

We have tested all functional assays on 80

commercially available cells. For the DNA

corifluence

confluence

rep'air assay, we inoculated the frozen

cells in 24-well culture plate and did :
transfection with BPDE-damaged luciferase plasmid into these passage 2 cells, and obtained a
dose response curve for DNA repair capacity (DRC).

We have performed the folléwing molecular cytogenetic and telomere length assays m
lymphocyte cultures:

Assay N {finished/total)
3p21 44171
3plcen 44/71
5p 2871
104 40171
10q/cen 40/71
telomere length 52/71
BPDE sensitivity 53171

We have performed FISH analyses for 3P and 10q for the samples indicated in the table below,.

Probe TBB NBB TiP NTP TAB
3P 30 29 21 21 18
109 26 26 17 17 9
Minna 3p 18 18 12 12 9

5p 1 1 14

TBE: Tumor Brorichial Brush: NBB: Mon-tumor Bronchial Brish; TTP: Tumor Touth Prép
| NTP: Non-tumer Touch Pran: TAB: Adiacent Bronchus
Summary of FISH data — The Table (Summary of FISH data)
Variables N_Mean(SD) Range summarizes the actual values for the FISH
cepd/3pBBINT(%Del)  432.56(184) 0.0-80 studies in the bronchial brushes, touch .
cep3/3p-BBIT(%De!) 446.30(4.03) 0.0-18.0 preparations and lymphocyte cultures.
cap3/3p-TP/IT{%Det) 3720.18(10.92) 5.0 -53.0 Specific Aim 4 Assess concordance of
cepdf3p-TRIAB(GDEN 315.08(3.59)  0.0-15.0 findings in paired samples
cepIpTPINT(%Del)  354.80(3.38) 1.0-14.0 - , _
cep10/10g- o Update: We have also begun to evaluate
BRINT(%Dal) 341.91(1468) 0.0-60 correlations between data from
cep10/10-BB/T(%0el)  384.66(206)  2.0-11.0 lymphoeytes, bronchial brushes and touch
cep10/10g-TPT{%Del)  3211.50(6.79) 4.0-27.0 preparations.
eep10/10g-
| TPIAB(%Del) 184.94(3.38) 1.0-140

cep10/10g-
TPNT(%Del) 293.28(2.52) 0.0-9.0
£ep3p-bpde(%Del)
{lymphotytes) 42223(062) 0.0-3.2
cep10g-hpde(%Del) o :
{lymphocytes) 341.71(0.55) 0.6-3.2
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There was no correlation overall between pack-years smoked and deletions in 3p in bronchial
brushes from either the normal or tumor side. However, there is evidence of statistically
significant correlations between 3p and 10q % deletions in bronchial brushes from tumor side
(Fig.1), between 3p deletions in tumor touch prep with 10q touch prep (Fig. 2) and between 3p
deletions in non-tumor touch preparations and pack years smoked (Fig. 3).

Figure 1 Figure 2
, 4
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We have also recelved and procéssed 25 sputa and performed FISH on 9.

- We have also looked at the correlation between telomere !ength and 3p aberrations in -
lymphocytes as well as in the target tissue. Telomere length in lymphocytes was significantly
inversely associated with 3p aberrations in bronchial brushings from the tumor side (p=0.040)
as well as with 3p aberrations in touch prep from tumor tissue (p=0.026). Telomere length in
bronchial brushmgs on non-tumor bearing side was significantly inversely associated with 3p
aberrations in touch prep from adjacent normal tissue (0.034). In addition, BPDE sensitivity in
lymphocytes was significantly positively associated with 3p aberrations in lymphocytes
(p=0.034) as well as with 3p aberrations in touch prep from tumor tissue (p=0.035) and from
adjacent normal tissue (p=0.008).
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Correlation of telomere length bétween lymphocytes and lung

gpithelial cell

N correlation coefficient P value
lymphocytes/ brushing normal side 28 0.5228 0.0062
lymphocytes! brushing fumor side 28 0.3546 0.0641
brushing normal/ brushing tumor side 26 0.6896 0.0001

Correlation of telomere length and BPDE sensitivity with 3p aberrations

Touch Touch prep Touch
telomere length  PBLs __BBtumor BB normal prep tumor normal prep. adj.
LYMPHOCYTES

corr. Coef 0.0369  -0.4874  -03283  -05225 03055  -0.4889
P-value 08551  0.0402  0.1968  0.0261 0.2331 0.0761
‘BB normal :
corr. Coef  0.0135  -0.3041 0.1208  -0.3605  -0.3155  -0.5692
P-value 0.9491 0.2168 0.6439 0.1417 02174 °~ 0.0336
BB tumor
corr. Coef  -0.0227  -0.2594 0.0572  -0.1594 03205  -0.1321 .
P-value 0.9103 0.2986 0.8275  0.5276  0.2097 0.6525
BPDE-gensitivity
corr. Coef 0.3238  -0.0678  -0.0079 0.343 0.0255 0.4792
P-vallie 0.0341 0.7078 0.9662 0.035 0.8844

0.0064

The key accomplishments are:

We have tested all functional assays on commercially available cells, and have started applying
the assays to the tissue cultures set up by Dr. Koo. We have also begun to evaluate
correlations between data from lymphocytes, bronchial brushes and touch preparations.



Army Award DAMD17-02-1-0706; Waun Ki Hong, M.D. 31 August 2004
Annual Report: Reporting Period 01 Septembar 2003 — 31 August 2004 ] o

Project 2 Genetic Instability by Smoking Status
Principal Investigator: Walter Hittelman, Ph.D.

- Specific Aim 2.1 Determine the optimal conditions for detectmg clonial changes using inter-
simple sequence repeat PCR (Inter-SSR PCR). Standardize and validate inter-SSR PCR for
_application to bronchial biopsy specimens

Our initial studies had suggested that fluorescence inter-SSR PCR (F!SSR-PCR) could be used
to sensitively detect the presence of clonal outgrowths in small tissue specimens. The goal of
this first Specific Aim was to improve the technology for use on tissue sections and to determine
the sensitivity and reproducibility of this technique for detecting clonal and subclonal lung cell
populations. In the prior Progress Report, we reported that we had optimized the conditions of
FISSR-PCR for DNA fingerprinting and showed that the results were fairly reprodiicible in
prematignant and malignant cell lines, We also showed, using the BEAS2B, 1799, 1198, and
11701 lung cell progression model, that the number of detectable clonal changes increased as
cells stepwise progressed from an immortalized to a malignant stage of lung tumor
development. We also showed that each of these cell populations contained multiple subclonal
populations distinguishable by FISSR-PCR and that the degree of subclonal variation mcreased
as the cell populations moved toward the tumor phenotype. ,

To determine the sensitivity of FISSR-PCR for detecting subclonal variants, we subcloned the
BEAS2B line into morioclonal outgrowths. We then chose two clones that daffered in two bands
(Figure 1) and mixed their DNAs in different ratios prior to FISSR-PCR analysis. As shown in
Figure 2, subclonal variants occupying 25% of the population could be detected by this
-approach.
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To better estimate the sensitivity of this technique to detect the presence of srhaller subclonal

populations, we mixed two distinct 11701 subclonal populations in different proportions and

determined the relative peak heights of the distinct peaks that distinguished the two populations

(Figure 3). Plotting these results as a function of relative dilutions of the two lines (Figure 4), we

estimated that a subclonal population could be detected by FISSR-PCR if it occupied around
20% of the total population.
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‘We next initiated studies to determine our ability to carry out FISSR-PCR on cells
microdissected from paraffin embedded specimens. The first studies were carried out on cell
culture pellets that have been formalin-fixed and embedded in paraffin. These studies
suggested that the use of paraffin-embedded material limited our ability to carry out analyses on
very small amounts of microdissected material due to limitations in DNA extraction from the
paraffin-embedded material, limitations in the size of the PCR products to about 500 base pairs
due to formalin-induced DNA cross links, and interference of detergent used in the DNA
extraction with the fluorescence signal detection. We therefore decided to focus more on frozen
tissue sections. To optimize the conditions for the FISSR-PCR reactions, we focused on three
initial components of the analysis. First, in collaboration with Dr. Ignacio Wistuba, we compared
the laser capture microdissection technique with needle dissection and found that both
techniques were suitable. Second, we optimized the DNA extraction methodology from the
frozen tissue material, with or without phenol extraction and ethanol precipitation and exaniined
the effect of column purification of the DNA. Third, we optimized the PCR reaction by examining
different PCR systems, including the effect of hot start PCR, different DNA polymerases, '
different PCR buffer systems, and different PCR temperatures.

To determine the feasibility for detecting subclonal changes In frozen lung tissue séctions, in
collaboration with Dr. ignacio Wistuba, we obtained human lung samples from lung tumor
resection cases and microdissected out multiple areas from the tumor specimens, ‘including
tumor, stromal, and apparently normal epithelial regions. For example, for human lufig sample
case 252, we microdissected eight reglons from different parts of the resection specimen,

: including three tumor regions, four
normal epithelial regions, and one
stromal region (Figure 5) as well as 3
lymphocytic region.

Figure 5. lllustration of areas microdissected from
case 252. '

Using the stroma as the tissue "pa’rﬁon
without clonal changes, we were able to
detect three common band changes
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distinct from the stroma in all three tumor regions examined, and two of the tumor regions ‘
showed an additional common band change. In this case, none of the apparently normal lung
epithelial regions showed any band changes that were distinct from the stromal regions. The
results of this case and two other cases examined in the same manner are summarized in Table
1.

Sample  Niafor bandChanzey Total changes

it e Table 1. Summary of DNA band changes
. : B g e for.cases 252, 320 and 389,
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interestmgly in case 320, the two tumor regions showed 4 and 5 band changes, respectively,
that were distinct from the stroma. However, while the two tumor regions showed two common
band changes that were distinct from the stromal regions, they differed in the other apparent
band changes. This suggested that while the two tumor regions may have derived from a
common precursor clone, they evolved differently from the original clone (i.e., they would be
called subclongs of the tumor). None of the four normal epithelial regions showed any bands
that were distinct from the stroma.

Case 399 illustrated a different kind of interesting observation. In this case, the tumor region
showed four DNA bands that were distinct from the stromal regions. However, the apparently
hormal region showed two DNA band changes that were distinct from the stromal regions.
Moreover, the two DNA band changes observed in the apparently normal epithelium were
identical to two bands found in the tumor specimen, suggesting that sorme clonal chariges
developed prior to tumor development. ‘

In the early part of these lung tumor studies, there was some concern about the quality of the
frozen sections that were being used. More recent studies have focused on better-preserved
tumor resection specimens. We compared the results of mxcrodmsectmg approximately 1000
cells with that dissected from about 400 cells from different regions of the same tumor {Figure
6). As can be seen in Figure 2, under
these conditions, differences in bands
between the normal and tumor
microdissected regions were still
detectable when approximately 400
cells were analyzed. As shown in Table
2, using one of the normal epithelial
regions as the standard for normal (no

Figure 6. Identification of areas of
microdissection of normal and tumor epithelium
from case 268.




Army Award DAMD17-02-1-0706; Waun Ki Hong, M.D. » 31 August 2004
Annus! Report: Reporting Period 01 September 2003 - 31 August 2004 ‘ N

. stroma or Iymphocytes are analyzed in this case), the tumor specimens showed a high degree
of subclonal variation, with anywhere from 3 to 9 band changes distinct from the “normal”
epithelial control out of the 31 bands that were informative under these conditions. All the tumor
regions showed two bands in common (i.e., 505 loss and 724 loss) suggesting that there was a
common precursor clone. The finding that a specimen from apparently normal epithelium (N8)
and a specimen from a region that did not appear fully malignant (T2N) also showed the band
724 loss suggests that this alteration occurred early in the field of tumorigenesis. Moreover, the
normal epithelium also showed 1 to 2 band changes that were distinct from the region that
served as the normal control. Interestingly, the fact that not all band changes detected in the
histologically normal epithelium were identical suggests the presence of several clones in the
normal epithelial ﬂeld of the tumor. :
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Similar type patterns have been observed in several other cases where tumors and their
surrounding normal epithelium and stromal tissué have been compared using FISSR-PCR. In
nearly all cases, we have found definite evidence for subclonal heterogenelty within the tumor
regions, with more than three band changes from normal control found in all the tumor regions.
Evidence for subclonal variation in normal appearing epithelium has been observed in some but
not all cases. it will be important to Increase the number of mformatwe bands through multiplex
FISSR-PCR analysis to increase the dynamtc range of this assay in order to make it useful for
detecting the degree of clonal outgrowth in normal appearing epithelium in lung tissues at risk.

Specific Aim 2.2 Determine whether smoking status influences changes in clonal
frequency and determine whether chemopreventive intervention has differential impact on clonal
outgrowths in current and former smokers
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Onice we have increased the number of primers used in the FISSR-PCR analysis toincrease
the dynamic range of the assay, we will apply the technique to bronchial biopsy specimens from
- current and former smokers. In our original research plan, we had hoped fo utilize paraffin-
embedded bronchial biopsy specimens where we had previously carried out ¢hromosome in situ
hybridization studies and had identified the frequency of clonal outgrowths by nearest neighbor
statistics. Unfortunately, the studies carried out on this project suggest that the use of frozen
tissue sections is more appropriate for FISSR-PCR studies. Therefore, it will be necessary to
identify bronchial biopsy specimens that have been frozen, and we will need to carry out in situ
hybridization analyses on paralle! tissue sections to those where we will carry out FISSR-PCR
studies in order to compare the relative sensitivity of the two technologies for assessing the
degree of subclonal outgrowth in lung epithelium of current and former smokers.

The key accomplishments are:

We have adapted the fluorescence inter-simple sequence PCR technology to the analysis of
normal epithelium in the field of lung tumors and have demonstrated the presence of subclonal
outgrowths In this apparently normal epithelium. With multiplexing of FISSR-PCR, these results
suggest that this technology may be useful for quantifying the level of subclonal outgrowths in
normal lung tissue at cancer risk and will permit comparisons between the bronchial epithelium
of current and former smokers. )

Publications
Abstracts:

1. LuT, and Hittelman WN. Quantitative fluorescence inter-simple sequence repeat CR
(FISSR-PCR) for subclonal aralysis of bronchial cell poputations. Proc. AACR, 2004.

Articles:

1. Hittelman WN, Kurie JM, and Swisher 8, Molecular Events in Lung Cancer and |
Implications for Prevention and Therapy. In: Anderson Associates Monograph on Lung
Cancer. F Fossella, R Komaki, and J Putham, Jr., {eds.) pp 280-298, 2003.

2. LuT and Hittelman WN. Improvement and application of flucrescence intér-simple

sequence repeat polymarphism chain reaction for the study of subclonal growths in lung
epithelial cell populations. Chest 125 (Supp!. 6):110-111S, 2004.
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Project3  Epithelial Biomarkers of Lung Cancer: Evaluation of
E Airway Secretions to Study Lung Carcinogenesis
Principal Investigator: J. Peter Koo, Ph.D.

Specific Aim 1 Identify proteins whose secretion or release is different in squamous
metaplastic tracheobronchial epithelial cells as compared to normal mucous epithelial cells

Phenatypes of the cultures of primary normal human tracheobronchial epithelial (NHTBE) cell
are dependent on retinoic acid (RA) when the cultures are maintained in air-fiquid interface (ALI)
culture méthod. Cultures maintained in RA-sufficent media generate a fully-differentiated
mucociliary bronchial epithelium mimnicking in vivo tracheobronchial epithelium, in contrast the
cultures become squamous metaplasia in RA-deficient media. To identify proteins whose
secretion or release is different in squamous metaplastic tracheobronchial epithelial cells as
compared to normal mucous epithelial cells, apical surface liquid (ASL) from the NHTBE cell
cultures grown in RA-sufficient (mucous) or RA-deficient (squamous) media were collected by
apical washing with PBS. Protein profiles of the ASL from the squamous metaplastic NHTBE
cultures were analyzed by two dimensional polyacrylamide ge! electrophoresis (2-D PAGE).
Iriitial identification of protein spots on the 2-D PAGE was performed by matrix gssisted laser
desorptionficnization-time of flight-mass spectrometry (MALDI-TOF) and nanoelectrospray-
tandem mass spectrometry (nES-MS/MS) analysis in collaboration with the Proteomics Core -
Facility in our institution.

We have optimized conditions for 2-D PAGE analysis using ASL from squamous and mucous
NHTBE cells. Representatitve 2-D gel images were shown in Fig. 1. A total of 36 protein spots
that represent greater level in the ASL from the squamous NHTBE cells selected for protein
identification. The protein spots were isolated and digested in gel using trypsin and subjected for
HPLC/mass s‘pectrophotometry’(MS)/MS analysis. In collaboration with Dr. Kobayashi’s group,
we have identified the proteins. Surprisingly, majority of the proteins found greater level in the
* ASF of squamous NHTBE cells were revealed as $100A8, s100A9, Annexin |, Annexin I, and
squamous cell carcinoma antigen (SCCA). Interestingly, SCCA and Annexin | and Il were
detected as multiple protein spots with different molecular weight and p! (isoelectric point),
suggesting that they appear to be present as post-translationally distinct forms. We are
currently preparing a manuscript to report these findings. ‘ :

Specific Aim 2  Identify and characterize abnormal proteins secreted by lung squamous cell
carcinomas '

To determine the proteins identified from the Specific Aim 1 (S100A8, s100A9, Annexin |,
Annexin 2, and SCCA), are. ' -

We also performed 2-D immuno blot analysis using antibodies specific to S100A8 and Annexin |
to verify multiple spots of $100 A8 and Annexin | {Fig. 5.) Further characterization is underway
to determine whether the proteins are post-transiationally modified, alternative splice products,

or simply products of degradation. .

To test whether the proteins identified from the Specific Aim 1 (S100A8, s100A¢9, Annexin 1,
Annexin 2, and SCCA) are abnormally overexpressed in only premalignant sguamous
metaplasia or remain overexpressed in cancer cells, we initially performed 2-D Western blot
analysis to determine the expression patterns of S100A8 and Annexin 1 in H292 and H1734
NSCLC cell lines. As shown in Fig. 2, S100A8 proteins were detected at two different sites in
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H292 mucoepidermoid NSCLC cells. However, no immunoreactive spots were detected with
S100A8 antibody in the whole cell lysates from H1734 adenocarcinoma cell lines. Annexin | was
detected at the multiple spots with different MW and pl in both H292 and H1734 NSCLC cell
lines. Further analysis with antibodies against S100A9, Annexin 2, and SCCA in several
different NSCLC cell lines are underway.

While we are working on the identification of abnormal proteins expressed in squamous
‘metaplastic NHTBE cells using a proteomics approach, we also applied a genomics approach.
To identify global molecular changes in H292 cell lires, we compared gene expression of the
H292 cells with that of NHTBE cells cultured in a three-dimensional organotypic culture system
that maintains pseudostratified normal mucociliary phenotype recapitulating in vivo bronchial
epithelium. Microarray analysis using Affymetrix US5Av2 chips revealed that 1683 genes were
differentially expressed with a greater than 1,5-fold change in the H292 cells. Further
oncological analysis of these differeritially expressed genes indicated that the WNT, apoptosis,
cell cycle pathways, and cell proliferation were significantly altered. The expression of selected
genes and the concurrent alteration of the pathways were validated using quantitative real-time
polymerase chain reaction (QRT-PCR) and fluorescence-activated cell sorting functional
analysis. Western blot with several NSCLC cell lines confirmed that the expression of genes
related to these pathways is commonly changed in the tested cell lines. These findings showed
that NSCLC cells maintain their growth and survival with concurrent deregulation of WNT,
apoptosis, and cell cycle pathways, which are commonly altered in many types of cancer cells, ‘
and the organotypically cultured NHTBE cells can be used as a counterpart to study molecular
changes in tumor cells of bronchogenic epithelial origin. The data was summarized in Fig. 3. A
manuscript was submitted for publication. '

Specific Aim3  Evaluate the efficacy of these differently-secreted proteins to serve as novel
biomarkers using readily-accessible clinical specimens

This study is scheduled in Year 3.

Specific Aim 4  Establish primary bronchial epithelial cells in culture and evaluate the
expression of candidate biomarkers in bronchial epithelium of lung cancer patients.

We proposed to investigate the expression and regulation of the biomarkers in bronchial
epithelial cells In cultures and to address whether the molecular alterations are persistent during
the developmenit and differentiation of bronchial epithelium of the lung ¢ancer patients. The
source for epithelial cells is from bronchial biopsy tissues collected from 100 newly diagnosed,
and previously untreated lung cancer patients who are undergoing surgery at M. D. Anderson
Cancer Center, as described in Project 1 (Pl: Margaret Spitz) of the TARGET program.
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We have obtained 17 bronchial tissue specimens from surgically removed lung sections of 17
different patients. Bronchial epithelial cells from the 17 tissue specimens were successfuny
isolated and stored in liquid nitrogen for further studies proposed in the Specific Aim 4 and also
distributed to Dr. Spitz's laboratory for their proposed studies in Project 1.

pl3

Squamous Mucous

Fig. 1. Two-Dimensional PAGE analys:s of the proteins in the apical surface liquid from squamous and mucous
NHTBE cells.
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Fig. 2. Western blot anatysis of S100A8 and Annexin'| in H292 and H1734 call lines.
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Fig. 3. Schema of genetically altered network in H292 cefls. The network consists of three pathways, WNT, cell
eyele, and apoptosis which includes mitochondria and TNF, and an event, proliferation. The genes In green had no
change, the genes in red were upregulated, and the genes in blue were downregulated. The black numbers dte the
LBFC {detalls in Materials and Methods), which the numbars * were obtained from QRT-PCR results, DVL, human
disheveled protein; CK1, casein kinase 1; CK2, casein kinase 2; GSK, glycogen syrthase kinase 3 beta; PP2A,
protein phosphatase 2A; CBP, CREB-binding protein; TCG, T-cell factor. TGF-B1, transforming growth factor«beta‘t
RAS, Ras; GADD, growth arrest and DNA- damage—inducxble gene: E2F2, E2F transcription factor 2; MCM,
minichromosome maintenance deficient; TNFR, TNF receptor, NF-xB, nuclear fotorkB, HSP70, heat shock protein
70 kD; HSPYO, heat shock protein 80 KD; APAF1, apoptofic protease activating factor 1; BAD, Bc1-XL/Bc‘l-2
assoclated death gene; BAG1, BCL2-associated athanogene 1.

The key accomplishments are:

Proteins secreted from abnormal squamous metaplastic bronchial epithelial cells, but not from
hormal mucous epithelial cells were identified using 2-dimensional PAGE and MALDI-TOF or
HPLC/MS/MS spectrometry; They are squamous cell carcinoma antigens (SCCA) annexin 1
and 11, $100A9, and S100A8. _ .

All of the identified proteins present as multiple forms with different molecular weight and
isoelectric point, suggesting that they were posttranslational modified or.alternatively spliced
products.

We found that genes in the WNT pathway, apoptosis, and cell cycle are ooncurrentiy ,
deregulated in non-small cell lung cancer cells as compared to normal bronchial epithelial cells.
Significant progress has been made identifying eligible subjects, procuring tumor tissue blocks,
and performing biomarker assays. We expect to complete these aspects of the project, in
addition to data analysis and manuscript preparation, within the S-year funding period.
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Project4:  Prognostic Role of Promoter Hypermethylation of Death-
' Associated Protein {DAP) Kinase and p16 Genes in
Early-Stage Non-Small Cell Lung Cancer

Principal Investigator: Charles Lu, M.D.

Specific Aim 1 - To examine the relationship between hypermethylation of the deat‘h~ésfsc¢iate'd'
protein (DAP) kinase gene promoter and disease-free, disease-specific, and overall survival in
cornpletely resected, early-stage NSCLC. ‘

Specific Aim2 To examine the relationship between hypermethylation of the p16 gene“prq_mpte’r
and disease-free, disease-specific, and overall survival in completely resected, early-stage NSCLC.

Specific Aim3  To examine the relationship between hypermethylation of the p16 gene promoter
and history of tobacco smoke exposure in early-stage NSCLC. . :

Specific Aim 4 To determine the independent prognostic significance of these two molecular
biomarkers after adjusting for relevant clinicopathologic variables (T-stage, N-stage, age,
gender, histology, type of surgery, performance status, weight loss, smoking status).

The specific goal of this research proposal is to determine the prognostic importance of L
promoter hypermethylation of selected candidate génes in patients with early-stage, resected
NSCLC who have been followed as part of a clinical research database. This study will create a
high-quality database that includes clinical information in addition to surgical pathology
specimens. : ,_

Subjects in this study are identified from a clinical research database of patients who have
‘undergone surgical resection by faculty members of the Department of Thoracicand
Cardiovascular Surgery, The University of Texas M. D. Anderson Cancer Center. This database
was established in 1897, and includes all patients who undergo thoracic surgical resection at M.
D. Anderson Cancer Center. Detailed demographic, clinical, and pathologic data are recorded
using standardized data collection forms. Follow-up clinical information Is also collected at each
¢linic visit. Patients with completely resected NSCLC with pathologic stages | or Ii who do ot
receive post-operative adjuvant therapy (either chemotherapy or chest radiotherapy) are eligible
for this protocol. The proposed sample size is 300 subjects.

A query of the Department of Thoracic Surgery clinical research database yielded an initial list of 559
patients who underwent surgery between January 1, 1997 and Decemiber 31, 2001. To date, the
medical records of these 559 patients have been screened, and 362 (64.7%) eligible subjects have
been identified. Our collaborator in the Department of Pathology (Dr. Ignacio Wistuba) has reviewed
{hese screened patients to determine if sufficient surgical tissue samples (paraffin blocks) exist to
perform the required hypermethylation assays. Two hundred eighty five paraffin blocks ‘have been ,
retrieved. Two hundred eighty two subjects have had DAP kinase and p16 promoter hypetmethylation
assays performed on their tumor specimens iri the laboratory of Dr. Li Mao. In order to achleve our
target sample size of 300 subjects, we will screen additional patients who underwent surgery in 2002.

Subjects with available tumor tissue have been entered irito the study database. We are currently
conducting a thorough review of the clinical data for these subjects (gender, age, tumor histology,
preoperative clinical variables (performance status, weight loss, smoking status), and obtaining follow-
up information (date of disease recurrence, date of death/last follow-up, development of second primary
tumors).
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The key accomplishments are:
Significant progress has been made identifying eligible subjects, procuring tumor tissue blocks,

and performing biomarker assays. We expect to complete these aspects of the project, in
addition to data analysis and manuscript preparation, within the 3-year funding period.
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Project 5.  An Epigenetic Approach to Lung Cancer Therapy
Principal Investigator: Reuben Lotan, Ph.D.

The objective of Project 5 is to examine the patential of using agents that modulate epigenetic
events such as a histone deacetylase inhibitor (e.g., SAHA) and demethylating agent (e.g., 5
aza-2-deoxycytidine) and their combination for chemoprevention and therapy of lung and head
and neck cancers.

During the past year we have made progress in Specific Aims 1 and 2 as well as the additional
Specific Aim 5.

Specific Aim 1 We have extended our obsefvation on the effects of the histone deacetylase
inhibitor 8AHA to premalignant lung bronchial epithelial cells and premalignant oral cavity
epithelial cells. We found that the premalignant cells were sensitive and that their sensitivity
was higher at low cell density than at high cell density. The cells were also very sensitivé to the
demethylating agent 5-aza-2-deoxycytidine. Normal cells were less affected by SAHA.

Specific Aim2  We have gained a better understanding of the mechanism of action of SAHA.
Specifically, using head and neck squamous cell carcinoma cells we found that SAHA induced
apoptosis in head and neck ¢ancer cells but not in normal oral epithelial cells and we have
begun to understand the mechanism involved as described below: o

SAHA induces apoptosis via the mitochondrial (intrinsic) pathway in HNSCC cells.
Apoptosis can be initiated via the mitochondrial (intrinsic) pathway that functions through
caspase-9, or via the death-receptor (extrinsic) pathway that acts through caspase-8. The
release of cytochrome C from the mitochondria initiates caspase activation, thus triggering the
important intrinsic apoptotic pathway frequently induced by cytotoxic agents. We next examined
the effects of incubating 17B and 22B cells with 4 IM SAHA on 'several key aspects of
apoptosis initiation via the intrinsic pathway, such as cytochrome C release, activation of
caspases and cleavage of protein substrates. We found that SAHA triggered a rapid (within 3
hours) release of cytochrome C into the cytosdl in 178 and 22B HNSCC cells. This was
followed by activation of caspase-9 within 15 hours, as demonstrated by the decreased
expression of procaspase-9 by Western blotting. Next, we observed a time-dependent
activation of the effector caspase-3 within 15 hours, as demonstrated by decrease in '
procaspase-3 and appearance of the cleaved form of the caspase substrate PARP, We noted
that low levels of cleaved PARP were present in untreated 22B cells, and that the levels of
cleaved PARP increased after 3 hours in 22B cells, compared to within 15 hours in 17B cells. A
higher level of spontaneous apoptosis oceurring within the 22B cells could cause these findings.
Taken together, these results demonstrate that SAHA targets the mitochondria and activates
the intrinsic, cytochrome C-mediated apoptotic pathway in HNSCC cells.

Activation of the caspase cascade is required for SAHA-induced apoptosis. We examined
the effect 6f SAHA on apoptosis induction in the presence of a caspase inhibitor to determine
whether activation of the caspase cascade is necessary for SAHA to induce apoptosis in
HNSCC cells. The pan-caspase inhibitor Z-VAD-FMK suppressed SAHA-induced apoptosis in
178 and 22B cells. This indicates that activation of the caspase cascade is required for SAHA to
induce apoptosis in these HNSCC cell lines. However, the caspase-9 inhibitor only partially
blocked the induction of apoptosis, indicating that alternative caspase cascades also play a role
in SAHA-Induced apoptosis. We therefore evaluated whether a caspase-8 inhibitor would also
block apoptosis. The specific inhibitor of caspase-8 blocked the induction of apoptosis in
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HNSCC cells by SAHA to greater extent than the caspase-9 inhibitor, and less than thé pan-
caspase inhibitor. ‘

SAHA activates the death receptor (extrinsic) apoptosis pathway. The death receptor
(extrinsic) apoptosis pathway involves binding of a ligand to one of the TNF family of death
receptors, activation of caspase-8, followed by caspase-3 activation. However, the intrinsic and
the extrinsic pathways are linked through the ability of caspase 8 to cleave BID, which in turn
leads to cytochrome c release from the mitochondria. To explore whether incubation of HNSCC
cells in SAHA would also activate the death receptor pathway, we evaluated the expression of
Fas(CD95) and FasL(CDY5L) before and after exposure to SAHA for various time petiods.
There was little if any expression of Fas and FasL in untreated 178 ahd 22B cells but after
incubation with SAHA, there was a time-dependent increase in expression of both miolecules. In
contrast, untreated Leuk1 and gingival cells expressed both Fas and FasL, and SAHA did not
increase the level of expression. In both HNSCC cell lines, the expression of Fas and FasL
increased by 3 hours, but in the 17B cells, expression peaked at 15 hours, whereas in the 228
cells, expression was strongest at 24 hours. SAHA also activated caspase-8 and cleaved BID
by 15 hours in both HNSCC cell lines, demonstrating activation of the extrinsic apoptosis
pathway by this agent. R

Inhibition of Fas activation blocks SAHA-induced apoptosis. Chemotherapeutic agents can
trigger different pathways leading to apoptosis. To determine whether activation of Fas was
required for SAHA to induce apoptosis, we incubated 17B and 22B cells with SAHA in the
presence of soluble Fas to compete for FasL. Soluble Fas was able to block the inductioh of
apoptosis in these cells by SAHA. This indicates that activation of Fas is required for SAHA to -
induce apoptosis in HNSCC cells.

Specific Aim5 We have began to analyze the genes that are regulated by SAHA using an
Affymetrix oligonucleotide micro array. The analysis involved treating the cells with SAHA and
isolating the ribonucleic acid from which a complementary DNA was synthesized and used &s a
probe to hybridize to the commercial Affymetrix chips. The data are currently being analyzed by
the bioinformatics experts in the Department of Biomathematics/Biostatistics.

The key accomplishments are: -

» Establishing that premalignant epithelial cells of oral cavity and lung are sensitive to
SAHA | o

» Discovery that SAHA inhibits the growth of cancer cells by G2 arrest and apoptosis
induction

» Elucidation of the mechanism by which SAHA induces apoptosis as the increased
expression of Fas (death receptor) and activation of the Fas ligand/Fas mediated
apoptosis pathway '

A manuscript describing the findings about the mechanism of apoptosis induction by SAHA has
been written and will be submitted within one month for publication.
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Project 6 The Role of the Farnesyl Transferase Inhibitor
CH66336 in Treatment of Carcinoma of the
Aerodigestive Tract

Principal Investigator: Fadlo Khuri, M.D.

Farnesyi transferase inhibitors (FTIs) are a new class of anticancer drugs whose mechanism of
action is still incompletely understood. We were the first group to show evidence for clmica!
synergy between paclitaxel and lonafarnib in the ¢linic (1, 2).

Specific Aim 1 Evaluate the effects of SCHB86336 on Ras downstream signaling events by
evaluating its effect on downstream molecules such as Raf, Erk-1/2, Akt-2, and jun-terminal
kinase {junk-1), assaying apoptosis and also examining SCH66336's effect on angiogenesis in
both lung and head and neck squamous cell carcinoma cell lines

We investigated lonafarnib (SCH66336), an FT1, in head and neck squamous cell carcinoma
»(HNSCC) and non-small cell lung cancer (NSCLC) cell lines. Lonafarnib treatment inhibited cell
growth by inducing G2/M phase arrest. In the head and neck cancer cell line, UMSCC38, p-Raf
levels were decreased after lonafarnib treatment; however, Erk1/2 activity was not modulated.
In contrast, Akt protein expression was decreased and over-expressed a constitutively active
Akt, partially rescued the G2/M arrest, and increased cdc2 activity. Furthermbore, we found no
evidence of transcriptional regulation of Akt; rather, we detected a decrease in exogenous Akt
protein level, replenished by MG 132, a proteasome inhibitor. In conclusion, we have evidence
for a nove! mechamsm of action of lonafarnlb in which Akt protein is degraded through a
ubiquitin-based mechanism, reducing Akt expression, decreasing cdc2 actwrty and leading to
G2/M phase cell-growth arrest (3).

Although FTls were originally designed to target Ras activation, many studies indicate that they
may Inhibit cell growth and induce apoptosis independent of Ras mutation status. Thus, their
mechanisms of action remain largely unknown. The PI3 kinase-Akt pathway has been proposed
to be a target for FTI's action, but its role in mediating FTI's biological effects Iis still
coritroversial. We examined the effect of lonafarnib on the grawth of a panel of 11 human non-
srnall cell lung cancer (NSCLC) cell lines and the role of the Akt pathway in mediating its growth
inhibitory effects (4). Lonafarnib was effective to inhibit the growth of NSCLC cell lines,
particularly after a 5-day treatment, regardless of Ras mutation status. The 1C50s for a 3-day
and a 5-day treatment ranged from 2.1 to 9.8 uM and from 0.14 10 3.12 uM, respectwely Under
normal culture condition (5% serumy), lonafarnib induced apoptogis only in a few cell lines but
G1 or G2/M arrest in most cell lines. However, cells underwent rapid apoptosis when exposed
to lonafarnib in low serum (0.1%) culture medium. The majority of NSCLC ‘cell lines expressed
an undetectable level of active or phosphc—Akt (p-Akt) Lonafarnib at up to 10 #M did not
decrease either the Akt level or the p-Akt level in any of the tested cell lines, even after 48 h
treatment. Unexpectedly, lonafarnib increased p-Akt level in one cell line, which, however, was
as sensitive as the other cell lines to lonafarnib treatment and underwent G2/M arrest. The PI3
kinase inhibitor LY294002 at 10 #M decreased the p-Akt level but failed to induce apoptosis. It
suppressed elevated p-Akt by 1 or 5 uM lonafarnib but failed to enhance the effect of lonafarnib
on induction apoptosis. Although 10 #M LY284002 in combination with 10 #M lonafarriib did
synexfgisticany induce apoptosis, the p-Akt level remained increased. Therefore, we conclude
that Akt is not likely to be a target for lonafarnib's effect on growth arrest and apoptosis
induction in human NSCLC cells. This is further supported by our finding that addition of 0.15%
bovine serum albumin (BSA), which approximately equals the protein amount in 5% serum,
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prevented cells from apoptosis, which occurred in 0.1% serum medium. This result clearly
indicates that low serum conditions enhance the effect of lonafarnib on induction of apoptosis by
simply increasing its intracellular concentration due to less binding of lonafarnib to protein rather
than inactivating P13 kinase-Akt survival pathway.

Specific Aim 2  Evaluate the effects of SCH66336 on protein expressron in both lung
and head and neck cancer cell lines by identifying proteins whose expression is altered
by treatment with SCH66336 and determining the role of these proteins as biomarkers
and effectors of response to treatment with farnesyl transferase inhibitors

We also investigated the effect of lonafarnib on mcduiahon of proteins in head and neck cancer.
We found that several proteins are upregulated and others downregulated by FT1. To reveal
novel mechanisms of FTI induced tumor growth inhibition or induction of apoptosis, we
performed two-dimensional electrophoresis (2-DE) and mass spectrometry to identify
differentially expressed proteins after lonafarnib treatment (5). We visualized over 500 proteins
tising colloidal coumassie blue staining. Thirty-five differentially expressed proteins were found
compared to the protein expression profile of the untreated control. The identity of twenty-two of
the 35 proteins was obtained through mass peptide fingerprinting. All of the proteins identified
were Unlikely to be direct substrates of farnesyl transferase because they lack a CAAX motif,
and include (1) heat shock proteins, (2) receptors, (3) binding proteins, (4) enzymes, and (5)
protems with unknown properties. Further studies to identify their function and significance are
ongoing at Emory University utilizing the Emory Proteomics Core facility, in collaboration with
Dr. Jan Pohl, Director of the Proteomics Core at Emory University School of Medicine. We have
just hired a postdoctoral fellow, Dr. Ludavic Lacroix, from Institute Gustave Roussy, Paris,
France, with expertise in proteomics, to focus exclusively on Specific Aim 2 and pursue this
Specific Aim to its conclusion.

Specific Aim3  Evaluate the efficacy of SCHE6336 as an inhibitor of growth and as
aninducer of apoptosis in an orthotopic mode! of head and neck squamous cell
carcinoma, where we can obtain serial tissue to evaluate changes in cell signaling,
induction of apoptosis and inhibition of angiogenesis

This is ongoing with orthotopic mouse models of head and rieck cancer in developmem in
collaboration with Dr. Dong M. Shin and Georgia Chen, both of whom have been recruited from
the Universlity of Pittsburgh. Drs. Shin and Chen have sxgmf‘cant expertise in translational
research in head and neck cancer, and are guiding our mouse models cancer program at the
Winship Cancer Institute.

Specific Aim4 Expand on our preliminary data to focus on the underlying mechanisms
by which farnesy! transferase inhibitors induce apoptosis in combination with retinoids
such as 4-HPR, or taxanes such as docetaxel or paclitaxel, in non-small cell lung cancer
and squamous head and neck cancer cell lmes

Famesy! transferase inhibitors (FTls) are anti-cancer agents developéd to target oncogenic Ras
protems by inhibiting Ras farnesylation. FTls synergize with the taxanes and other microtubule-
stabilizing drugs, however, the mechanistic basis underlying this synergistic interaction remains
elusive. Here we show that the FT1, lonafarnib (LNF), affects the microtubule cytoskeleton
resulting in microtubule bundle formation, increased microtubule stabilization and acetylation,
and suppressxon of microtubule dynamics. In addition, a similar microtubule-stabilization effect
is observed in tumors resected from patients treated with LNF. Notably, treatment with the
combination of low doses of LNF with taxol dramatically erihanced tubulin acetylation (a marker
of microtubule stabilization) as compared to either drug alone. This synergrstnc effect correlated
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with farnesy! transferase inhibition and was accompanied by a synergistic increase in mitotic
arrest and cell death. Mechanistically, we show that the enhanced tubulin acetylation observed
with the LNF/taxol corribination is due to inhibition of the tubulin deacetylase HDACS, both In
cells and in vitro. This mechanism is further supported by data showing that the LNF/taxane

" combination is synergistic only in cells lines expressmg wild-type HDACS, but not a catalytic-
muitant HDACS, revealing that functional HDACSE is required for the synergistic combination of
LNF with taxanes. These observations were expanded to other classes of FTls, by showing that
a similar mechanism of synergy applies for other FTls in combination with taxanes.
Furthermore, tubacin, a specific HDACS inhibitor, synergistically enhanced tubulin acetylation in
combination with taxol, mimicking the LNF/taxol effects. Taken together, these data suggest a
cause-effect relationship between HDACS inhibition, enhanced tubulin acetylation and cell
death, providing a molecular basis for FTitaxane synergistic antiproliferative combination.

CONCLUSION: In summary, lonafarnib is active in inducing growth arrest and apoptosis in
hurman NSCLC and HNSCC cells, through mechanisms independent of Ras mutation and Akt
activation in NSCLC. This suggests @ completely novel, Akt-independent mechanism of action
for these compounds in lung cancer, unlike our previous data generated with head and neck cell
lines.

Discoveries:

o Novel ras-dependent and independent effects of farnesyl! transferase inhibitors
uncovered v

« Proteomic analysis of FTI treated cell lines detects several important classes of proteins
that are upregulated or downregulated by this class of compounds

+ Lonafarnib inhibits HDACS through a novel mechanism in several lung cancer cell lines,
This may serve as an important target for development of trials targeting synergy
between nove! signal transduction inhibitors and tubulin targeting cytotoxics
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Project 7 Mechanisms and Therapeutic Applications of the Tumor
Suppressor Gene FUS1 in Lung Cancer

Co-Principal Investigator: Lin Ji, Ph.D.
Co-Principal Investigator: Rajagopal Ramesh, Ph.D.

Specific Aim 7.1 To determine the global molecular changes and cellular responses to FUS1-
mediated tumor-suppressor activities in human NSCLC cells by high throughput gene and
protein expression profiling. '

-We used DNA microarrays and ProteinChip arrays and an inducible-FUS1 expression system to
determine the gene and protein expression pattemns mediated by induction of FUST in NSCLC

~cells at either a therapeutic or physiological level. The specific targets of FUS1 protein will be
identified by comparison of the gene and protein expression profiles, and proteins of interest will
be isolated. We are now using the technologies and protocols developed in this pilot study to
FUS1-mediated gene and protein modulations in lung cancer ¢cells. We have established FUS1-
stable transfectants of NSCLC cell lines, which aflow us to gene and protein expression
changes mediated by FUS1 expression under physiological conditions. We have developed a
novel two-dimensional liquid chromatography (2D-LC) method for the fractionation and
separation of crude protein lysates and for protein profiling and identification using a

I__ FUS1-Inducible H1299 Cell Lysates

1°D pl-Fractionation by 2°D Separation by
Chromatofocusing . » Non-potus Reverse
~ MonoP FPLC Phase-HPLC
l 1D SDS-PAGE

R RN ERE

Trypsin ngestion for
Peptide Mapping

Protein e Protein
Profiling Identification

Figure 1. Scheme p'f protein lysate fractionation and separation by 20-LC and protein expression
profiling and identification by SELDI-TOF-MS and LC-MS/MS.
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ProteinChip Array-based surface enhanced laser deposition/ionization time of flight mass
spectrometry (SELDI-TOF-MS) (Fig. 1).

We have successfully applied this technology to perform a proteomic analysis for evaluating
modulations of protein expression in FUS1-expressing tumor cells, compared with non- ,
expressing controfs. For the 1'D-LC, cell lysates were fractionated based on the pl values of
proteins by FPLC with a chromafocusing Mono-P column. The pi-fractionated samples were
either directly applied protein profiling on CM10 and Q10 ProteinChip arrays by SELDI-MS or
subjected 10 the 2'D-L.C, using a Non-porus reverse phase (NP-RP) colume by HPLC, for

_MW: 60008000 _ MW: 8000-10500

‘MM ,:M_/JJ\N\« ‘Control
ﬁ\’ oy Y wt-Fus1

_ MW: 10500-12000 MW: 32000-38000 .
-»«J\A\AMJMMM VJMWM"MMW V“/\J Control
P AN o SO “\” \NWV\MN\M mt-Fus1
‘V*'M S N e \«w/\v/“\v\A wi-Fust

....................

4 Up-regulation ¥ Down-regulation |

Figure 2. Differentlal protein expression in NSCLC H1299 cells upon induction of wild-type
FUS1 (wt-FUS1) by comparison with those un-induced or functional deficient mutant FUS1
{mt-FUS1) expressing contro! cells.

further protein separation and identification. From protein expression profiles, we have been
able to detect more than 50 protein peaks that represent the differentially expressed protein
species in response to the activation of FUS1 protein in these lung canicer cells. Some v
examples of protein profiles are shown in figure 2. We are now in the process of identifying
these FUS1-targeted cellular protelns and elucidating the FUS1-activated biological pathways
as we planned in this study. '

Specific Aim 7.2 To elucidate the molecular mechanism of FUS1 in lung cancer pathogenesis‘
by deterrining the expression and subcellular localization of the FUS1 protein in human normal
lung tissue and tumor samples at various stages of development. '

We previously demonstrated that enforced expression of the wild-type (wt)-FUS1 in 3p21.3-
deficient NSCLC cells significantly suppressed tumor cell growth by induction of apoptosis and
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alteration of cell ¢ycle kinetics in vitro and in vivo. However, the molecular mechanism and
slgnaling pathway involved in FUS1-mediated apoptosis and its role in pathogenesis of lung
cancer remain unknown. In this study we aimed to identify the potential cellular targets of Fus1
proteln to gain insight into the mechanism of Fus1 function and to explore the clinic application
of Fus1 as a molecular therapeutic agent for lung cancer. We found the inactivation of Fus1
products in majority of primary lung tumors by either loss of expression or deficiency of
posttransiational myristoylation modification of Fus1 protein, as demonstrated by immuno-
histochemical analysis on both paired lung cancer patient samples and lung cancer tissue

micro-arrays and by Fus1-antibody capture analysis on a Protei nChip array with SELDI-TOF-
MS in LCM-enriched lung cancer and non-involved cells, respectively. Using a ProteinChip
array-based analysis of protein-protein interaction and peptide mapping, we discovered that
Fus1 protein directly interacts with the apoptotic protease activation factor Apaf1 protein. This ‘
Fus1~Apaf1 interaction was further confirmed by Immuno-precipitation and immuno-blot analys:s
using either anti-Fus1 or anti-Apaf1 antibodies. We also observed that both the wt-Fus1 and a

mynstoy!ataon—deﬁcnent mutant Fus1 (myr-mt-Fus1) protein but not the C-terminal-deletion
(10-20 amino acids) mutants of Fus1 proteins could bind to Apaf-1 protein in H1299 '
transfectants. A computer-aided structural analysis predicted a PDZ domain in the C-termini of
the both Fus1 and Apaf1 proteins, suggesting that the Fus1-Apaf-1 interaction might be
mediated through these classic PDZ protein-protein interaction motifs. Using an immuno-
fluorescence image analysis (IFIA) with Fus1 and Apaf1 antibodies, we detected the co-
localization of the Apaf1 proteins with both the wt-Fus1 and myr-mt-Fus1 proteins with distinct
subcellular patterns, with the wt-Fus1, co-localized in their typical mitochondria and ER
membrane locations but, with the myr-mt-Fus1, which is deficient of membrane-attachment,
appearing throughout the cytoplasm. Using IFIA, we also detected a Fus1-mediated inactivation
of anti-apoptotic B¢l2 as well as binding with pro-apoptotic Cytochrome C on mitochondria
membrane and releasing it into cytosol.

‘We also found that co-expression of wt-Fus1 and wt-p53 in NSCLC cells that are deficient in
both proteins sagnifcanﬂy enhaniced the response of these cells to the DNA-damaging agents
CDDP and ionizing radiation-induced apoptosis and growth inhibition. A detailed immuno-blot
and quantitative real time RT-PCR analysis showed that the enhanced apoptosis induction and
tumor cell growth inhibition might be caused by Fus1-mediated down-regulation of MDM2
protein, stabllization of p53 protein, and the resulting p53-upregulation of Apaf1 eXpressnon in
response to DNA damage. These results suggest that Fus? protéin may function as a key
mediator in Apafi-mediated mitochondrial apoptosis pathway by recruiting and directing
cytoplasmic Apaf1 protein to a critical cellular location and activating it in situ, and by
upregulating activity of other proapoptotic effectors such as p53 and dowregutating anti-
apoptotic medlators such as B¢l2 family proteins for the efficient induction of apop*toms

Speclific Aim 7.3 To quantitatively evaluate interactions of the FUST gene with other 3921 .3
TSGs for their tumor-suppressing activities In vifro and in vivo.

In this study, we explored the capability of the wt-FUS1 gene product asa modula’tor of
chemotherapeutic drugs for enhancing chemotherapeutic potency and overcoming drug -
resistance in 1ung cancer cells. We found that & transient expression of the wt-Fus1 protein in
FUS1-expressing plasmid-transfected H1299 cells significantly enhanced the cisplatin-mediated
inhibitory effect on tumor cell growth at a low dose (1mM) of cisplatin treatment. In addition, a
_stable expression of the wi-FUS1 gene, which is under the control of a ponasterone A-inducible
promoter, reduced more than 30% of IC50 values of both cisplatin and paclitaxel treatments in
H1299 cells, even at a low leve! of Induced Fus1 expression. However, the maximuin stable
expression of a functionally deficient mutant Fus1 protein (mt-Fus1) in a similar inducible
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system did not enhance the sensitivity of tumor cells to these drugs. Furthermore, a significant
increase in apoptotic cell populations was detected in cells with the induced expression of the

wt-Fus1 protein but not in those with induced expression of mt-Fus1, as shown by & FACS
analysis with TUNEL reaction. These results suggest that the wi-Fus1 may play a critical role in
modulating the sensitivity of tumnor cells to the chemotherapeutic agents, especially to DNA
damaging agents such as cisplatin and that a combination treatment with the FUS1-lipoplex-
mediated molecular therapy -and the cisplatin or taxane-based chemotherapy may be an
efficient treatment strategy for lung cancer.

To determine whether exogenous expression of Fus1 gene in combination with p53 T8G has a
synergsst:c tumor suppression activity, we ¢oexpressed Fus1 and p53 genes by cotransfection

“in human non-small cell lung (NSCLC) cells and evaluated the combined effects of these two
tumor suppressors on inhibition of NSCLC cell growth. We found that coexpression of p53 and
wild-type Fus1 (wt-Fus1), but not its NH2-myristoylation site mutant (mut-Fus1), synergistically
inhibited cell prohferat!on and induced apoptosis in human NSCLC cells. We also found that the
combination expression of wit-Fus1 and p53 enhanced the sensitivities of NSCLC cells to g-
radiation and cxsplatln treatment. Furthermore, we found that the synergistac tumor suppression
by Fus1 and p53 is implicated in Fus1-mediated augmentaﬂon of APAF-1 expression,
accumulation of p53 protein, and inactivation of MDM2 in NSCLC cells. Our results therefore
revealed a nove! molecular mechanism involving Fus1-mediated tumor suppression function
and its interaction with other cellular components in the pathways regulating p53 activity. Our
findings showed that gene therapy by synergistic tumor suppressors such as Fus1 and p53in
combination with chemotherapy or radiotherapy may be an effective therapeutic strategy for

. NSCLC and other cancers.

Specific Aim 7.4: To determine the dose-limiting toxicity and biodistribution of the FUS1-
lipoplex in a murine'model and in a non-human primate mode! and to evaluate the therapeutic
effect of the FUS1-lipoplex in local, solid tumors and experiméntal metastat;c lung tutors.

Intratumoral Injection of FUS1-lipoplex suppresses human xenograft tumor growth.

We tested the tumor suppressor function of FUS? gene in vivo by direct intratumoral injection of
DOTAP:Chol-FUST complex ‘Treatment of subcutaneous lung tumor xenngraﬂ (H1299, and
A549) for a tota! of six doses with DOTAP:Chol-FUST complex resulted in a significarit
suppression of tumor growth (P = 0.005 for H1299, and P = 0.01 for A549) wmpared to control
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animals that were treated with FUST plasmid DNA, and treated with DOTAP:Chol-CAT complex
{(Figure 3; lto et al., Cancer Gene Ther. in press).

That the tumor inhibition was due to FUS1 protein expression was demonstrated by
immunohistochemical analysis. FUS1 protein expression was detected in the subcutaneous
tumor tissues primarily localized to the cytoplasm as observed in vifro (data ot shown).
Expression was primarily observed in the tumor cells.

However, expression In other cells intermixed with tumor cells was also observed. The subtype
of cells staining positive for FUS1 in the tumor was not determined. Furthermore, tumors treated
with DOTAP:Chol-FUS 1 complex underwent significant apoptotic cell death as evidenced by
TUNEL staining compared to tumors from those animals that were treated with plasmid DNA or
DOTAP:Chol-CAT complex. (Figure 4; lto et al., Cancer Gene Ther. in press). Induction of
apoptotic cell death was observed in both H1299 and A549 tumors.
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Figure 2, Indtuction of apoptosts fn stibcttanous tumors treated %h DOTAP CholFUST. Subcutanenis fung tirior (H1208
and A546) senografts that were trested with FUST plasmid, treatéd with DOTAP.Chol-CAT complex, and treated with DOTAP.Chol-
FUS1 comples: wers harvested and siitjested o TUNEL staining. Animiais were trested DOTAP:Chal-FUS complex demonstrated
15-35% TUNEL positfie stalning of tumor tissues (33% for H1280, and 18% for AB4S; P =0.001). ' cortrast rio slgnificant growth
Inhitsitich was ohisaived In contral animals that were treated with PBS and freated with DOTAP.Chol-CAT complext Emor bats danots
‘standard arror, k ’ )

Figure 4.

Intravenous injection of DOTAP:Chol-FUS? complex inhibits experimental lung
‘metastasis. To test the tumor suppressor activity of FUS? on experimental lting metastases,
lung tumors were established by injecting A549 tumor cells via tail vein. Infravenous treatments
of these lung tumor bearing animals with DOTAP:Chol-FUST complex resulted in a significant
inhibition (P = 0.001 ) of lung metastases compared to control animals that were tréated with
PBS, treated with FUST plasmid DNA, treated with liposome alone, and treated with _
DOTAP:Chol.-CAT complex (Figure 5; Ito et al., Cancer Gene Ther. in press). Animals treated
with DOTAP:Chol-CAT complex demonstrated some tumor inhibition. The ability of
DOTAP:Chol-CAT complex treatments to demonstrate some antitumor activity fs not surprising
and is attributed to non-specific antitumor activity. However, tumor inhibition was not significant
compared to animals treated with PBS, treated with FUST plasmid DNA and treated with
liposome. These results show that the therapeutic effect observed in fung tumor bearing aniimals
when treated with DOTAP:Chol-wtFUST is specific to wtFUST. -
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Intravenous treatment of lung tumor bearing
‘animals with DOTAP:Chol-FUST complex
prolongs arimal survival. We next evaluated the
effect of DOTAP:Chol-FUS1 treatments on animal
survival. Treatment of experimental A549 lung tumor
bearing animals with DOTAP:Chol-FUST complex
resulted in a significant (P = 0.01) and prolonged
survival (mean survival time = 80 days) (Figure 6; lto
et al., Cancer Gene Ther., in press). In contrast, no
sig’niﬁca‘nt survival was observed of animals that were
treated with PBS (mean = 47.8), treated with FUST
plasmid (mean = 51.6), treated with liposome (mean =
47.2), end treated with DOTAP:Chol-CAT complex
{mean = 47.8). Furthermore, histopathological
analysis of various organs demonstrated no
significant treatment-related toxicity.
From the results of our preclinical studies, it is evident
that FUS1 functions as an effective tumor suppressor
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Figure 5,

gene which when delivered intratumorally or intravenously effectively inhibits primary and
disseminated lung tumor growth. These exciting results indicate the feasibility of using FUS1
complexed with DOTAP:Chol-liposome for freatment of lung cancer in the clinic.

Although the therapeutic efficacy was demonstrated in nude mouse model, the toxicity of the
DNA-liposome complex was not tested that is relevant to determine the dose-limiting toxicity.

For this purpose we have initiated toxicity studies in
mice (C3H) and in non-human primates (Cynomolgus
monkeys; Macaca fascicularis). In this study, single
dose and mumpte dose-related toxicity will be studied.
These studies are being conducted &t the M. D.
Anderson Veterinary Facility in Bastrop, TX. The
toxicology studies are being carrled out under
conditions regulated by the FDA for IND filing. In our
{nitial proposal we had proposed to use figal DNA.
However, since FUS1 gene will actually be tested in
humans and not B-gal, we have changed our strategy
and now plan to conduct toxicity studies using FUS1
gene. Pre‘lsminarytoxscology results indicate an ICyp to
be at 40ug of FUS1 DNA ih mice. Although monkey
‘studies showed no significant morbidity, the
concentration of DNA inducing morbxdlty was similar to
that in mice. The toxicology data is currently being
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documented for submission to the FDA. It is anticipated that the outcome of these studies will
enable us to initiate a Phase-Vli clinical trial for lung cancer.

An additional study that we have undertaken as part of this proposal though is to develop
strategies to overcome the DOTAP:Chol-DNA complex induced toxicity. Our studies and those
of others have shown acute inflammatory response to be the primary source for toxicity. We are
currently developing strategies using several anti-inflammatory drugs to suppress liposome-
induced Inflammation without affecting the transgene expression. One such drug that we have
identified is the non-steroidal anti-inflammatory drug (NSAID), naproxen. In vifro and in vivo
studies show that naproxen effectively inhibits liposome-induced inflammation without affecting
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FUS1 transgene expression. In fact, an enhanced antitumor activity is observed suggesting that
naproxen use can be beneficial. We are currently studying the mechanisms. The results of our
preliminary studies are currently being written for submission to the journal “Nature
Biotechnology” for publication,

The key accomplishmeénts are:

+ Studied molecular mechanisms of a nove! furnor suppressor gene (TSG) FUS1, identified
an apoptotic protease activating factor 1 (Apaf1) as the cellular target that direcﬂy Interacts
with Fus1 protein, and found that Fus1 protein functioried as a key mediator in Apafi-
mediated rmitochondrial apoptosis pathway by recrustmg and directing cytoplasmic Apaf1
protein to & critical cellular location and activating it in situ, and by upregulating activity of
other pro-apoptotic effectors such as p53 and dowregulating anti-apoptotic mediators such
as Bcl2 family proteins for the efficient induction of apoptosis

« Studied the effects of Fus1 in combination with other tumor suppressor genes such as p53
and chemnotherapeutic agents such as cisplzitin, taxel, protein tyrosine kinase inhibitors on
tumor cell proliferation and apoptosis in vitro and in vivo. Our results suggest that co-
expression of FUS1 and p53 could synergistically inhibit lung cancer cell growth and the wt-
Fus1 may play a critical role in modulating the sensitivity of tumor cells to the
chemotherapeutic agents, especially, to DNA damaging agent Cisplatin and protein tyrosin
kinase inhibitor Gefitinib

¢ Demonstrated the selective and increased uptake of liposome-DNA complexes by tumor
cells in the lung compared to surrounding normal tissues. A phenorenon shown for thé first
time. These findings were highlighted in the editorial section of the journal "Molecular
Therapy". These findings allow us to utilize the inherent properties of the DOTAP:Chal-DNA
liposome complexes _

» Demonstrated that host«m’ﬂammatory response in 'tumor-beanng animals is reduced
compared to normal animals, which is partly mediated by the production of IL-10 by tumor
cells. Hence differences exist in the liposome-DNa complex induced toxicity. This forms a
basls to conduct toxicity studies In tumor-bearing animals that is relevarit to patients in the
clinic

» Developed novel strategies to suppress liposome-DNA complex induced mﬂammatory
response. This strategy is being planned for incorporation in the phasé-I/il clinical trial.
Demonstrated the therapeutic effect of FUS1 in xenograft tumor models. o
Toxicology studies are completed. Results are being compiled for submission to FDA,

Conclusion:

Our results polnt to an essential role of Fus1 in apoptotic pathway by directing the critical
assembling of apoptosome for cells in response to carcinogenic stimulus such as DNA-
damaging chemicals and gamima radiation. Our results also imply that a combination treatment
with the FUS1-lipoplex-mediated molecular therapy and the cisplatin or taxane-based
chematherapy may be an efficient treatment strategy for lung cancer. Our results have also
established the feasibi!tty of using DOTAP:Chol-based liposomal gene delivery for system:c
therapy of lung cancer. Furthermore, FUS1 has been shown to be an effective tumor
suppressor. Toxicology studies have established the maximum tolerated dose and are being
submitted for initiation of clinical trial. This will be the first systemiic gene therapy-based therapy
for lung cancer.
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Suppressor Fus1 and Apaf-1 proteins in Lung Cancer Cells Back to Search. Proceedings

of The 95" American Association for Cancer Research (AACR) Annual Meeting, Orlando,
FL, March 27-31, 2004,
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Patents:

1. JiL, Roth JA, Detection of Expression and Posttranslational Modification of Fus1 Protein
on ProteinChip Array by SELDI-TOF-MS, MDA04-107, 2004 |

2. JiL, Fang B, Roth JA, Novel hTMC promoter and vectors for the Tumor-selective and
high-efficient Expression of Cancer Therapeutic Genes, MDA04-109, 2004 |

3. KundraV, Fang B, JiL, Yang D, In Vivo Imaging of Gerie Expression Targeting the
Telomerase Promoter. MDA04-091, 2004 ‘

4. JiL, Roth JA. Protamine-adenoviral vettor complex-mediated gene therapy for
cancers. PCT/US03/09152; U.S. Patent, US03-09152, U.S. Serial No. 60-366846.
MDA01-025, 2001. : ‘

5. Jil, Roth JA, Minna JD. and Lerman MI. Chromosome 3p21.3 genes as tumor

suppressors. U.S. Patent, US-2004-0016006-A1; World Paterit: WO 02/04511 A2
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Project 8: Therapeutic Targeting of bel-xl Express:cm in Non—Smaﬂ
Cell Lung Carcinoma

Principal Investigator: W. Roy Smythe, M.D.

A

Dr. Roy Smythe left M. D. Anderson in February 2004 to assume the prestigious position of
Chairman, Department of Surgery, at Scott & White in Temple, TX. Scott & White is the clinical
education site for The Texas A&M University System Health Scienice Center College of
Medicine. Dr. Smythe's cutting-edge research at M. D. Anderson Cancer Center, to include his
Department of Defense research, uniquely positioned him to be a top competitor for such a
dlstmguished position.

The bel-x! gene is a member of the bcl-2 family of genes that controls mitochondrial membrane
potential and interacts with other members of this family to control apoptosis, or programmed
cell death. When over-expressed, the bel-x! protein leads to inhibition of apoptosis as well as
decreases sensitivity to conventional treatments (i.e. chemotherapy and irradiation). Deceasing
expression of this gene product by various means may conversely induce apoptosis in cancer
cells and render them sensitive to more conventional available therapies. The following specific
aims were proposed for this grant. Following each specific aim Is a description of the work
completed in this area.

Specific Aim 1 Characterize the in vitro effects of bcl-xl ASO exposure on human
NSCLC cells and evaluate such exposure as a prime for other pro-
apoptotic therapies

We have evaluated a panel of bel-x! antisense oligonucleotides (ASO) on the human non-small
cell carcinoma cell lines A549 and H1299. We have identified one particular construct (1518
15999) that can decrease cell viabnlzty in a lipid dehvery system by 60%-90%. We have also
demonstrated the ability of this in vitro treatment to increase the apoptotic (subg1 by FACS
analysis) fraction of cells by more than 30%. This has also effectively sensitized these cell lines
to cisplatin, with significant increases in both cell death and apoptosis over either ronotherapy
approach.

Due to a concern regarding the i m vivo applicabifity of this approach, we have been evaluating
an RNA silencing approach for down regulation of bel-xl expression as well. Following
sequence rules, we have designed and evaluated 5 separate siRNA double stranded constructs
and have tested them on non-small cell lings in vitro. Two of these constructs were able to
effectively decrease bel-xl expression at both protein (Western blot) and mRNA (real-time PCR)
levels. The most promising construct was utilized to develop a hairpin loop plasmid delivery
system. Both the siRNA double stranded and plasmid constructs are able to induce apoptotic
cell death in vitro. Notably, the bel-x! siRNA plasmid construct delivered with a lipid delivery
system can sensitize NSCLC cells to cisplatin and decrease the armiount of cisplatin required to
kill 50% of these cells (IC50) by a full log.

Specific Aim 2 Develop an adenoviral vector capable of transferring an antisense
bcl-xl gene construct

A full length, rather than short segment, bcl-xl antisense adenoviral gene therapy vector (x122)

was developed (second generation replication deficient human type 5 mhstruct) This has been
characterized by sequencing as the intended sequence.
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Specific Aim 3 Characterize the In vitro effects of bel-x] antisense adenoviral vector
exposire on human NSCLC cells and evaluate such exposure asa
prime for other pro-apoptotic theraples

The x122 vector was evaluated in vitro in NSCLC cells. This vector has been demonstrated to
~down regulate bel-x! protein expression (Western Blot) and induce apoptotic ceﬂ death.

Specific Aim 4 Characterize the therapeutic effects of bel-x] antisense targeting
’ with both ASO and adenoviral vectors in animal models of non-small
cell lung carcinoma and evaluate such exposure as a prime for other
pro-apoptotic therapies in vivo

We have demonstrated the ability of ASO to decrease intraperitoneal tumor burdenin a
xenograft mode! of mesothelioma (identical bel-2 family expression pattern) by 30%-40%.
Likewise, we have dembnstrated that the x122 construct can decrease tumor burden by more
than 60%. We have recently demonstrated the ability to transfer the backbone siRNA plasmid
system with a reporter gene (E. Coli beta galactosidase) utilizing a dotap:cholesterol delivery
method into in vivo intraperitoneal xenograft tumor. ‘
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Project 9: Improved Pulmonary Gene Delivery with Partial Liquid
Ventilation for Treatment of Pulmonary Malignancies

Princlpal Investigator: Ara Vaporciyan, M.D.

Specific Aim 1 To determine PFC’s ability to diminish the immtine response, both
innate and the later cellular and humoral responses, to intratracheal
administration of adenoviral vector. .

Task A: Evaluation of the innate immune and fater cell mediated response at the
cellutar level

During the initial period of this year we had continued to collect serum samples for the
completion of this task as well as task B. Progressing concurréntly with this work were the
experiments outlined in Specific Aim 2. Based on the findings of Specific Aim 2 (see below), we
elected to discontinue our efforts to define the immune response.

The hypothesis that PFC would allow repeated transfection was based on a significant body of
literature, outlined in the background and significance of our grant, supporting the immune
modulating properties of PFC. Specific Aim 1 was designed to elucidate the mechanism

- responsible for improved repeat gene transfer. The inability of PFC to allow repeated gene
transfer (Specific Aim 2) forced us to reassess the importance of a detailed mechanistic
analysis. The goal of the grant was to develop translational approaches for the treatment of
lung cancer. A mechanistic study of PFC's immune effects did not appear to be appropriate in
light of its inability to improve repeat transfection.

The budget allocated to the purchase of reagents necessary for the cytokine assays in'tasks A
and B will be returned to the Pl of the TARGET grant for reallocation to other projects.

Task B: Evaluation of the innate immune and later cell mediated response at the
molecular level

See shove.

‘Specific Aim2: To determine PFC's ab;l:ty to enhance repeated gene transfer through
reduction and mechanical disruption of the humoral response.

Initial experiments examined the ability of PFC to enhance repeat gene delivery using
adenoviral vectors 14 days after an initial viral transfection, On day 0, animals were transfected
with 5 x 10% vp of adenovirus containing the B-galactosidase gene (B-gal). The control animals
received the vector in 100yl of PBS while the PFC group received the same 100 il followed by
3 ml PFC (10 mi/kg PFC). Both vectorand PFC were delivered intratracheally. After 14 days
the animals were anesthetized and the control animals received a similar dose of vector only,
while the PFC group once again received vector and PFC. After 2 days the animals were
sacrificed and 3-gal expression determined. Unfortunately, the animals treated with PFC had a
significantly diminished transfection compared to control animals.
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Effect of PFC on repeat trénsfgctlorx 14 days after initial
transfection
o '
B W
i
B o
’ 2 days aMor 18 transfestion 2.dayy after repent eramﬁbn
Figure 1

“Surprisingly, the animals treated with vector alone had improved expressmn with repeat dehvery‘
compared to a single admiinistration of vector (Figure 1).

One hypothesis for the poor transfection was interference due to residual PFC in the lung. Our
earlier work in Specific Aim 1 had obtained expression data 14 days after transfection with and

without PFC. Animals in the PFC group still had residual PFC within the lungs. Thiswas
discovered during homogenization of the lung since the PFC would appear as an immixable
layer on top of the homogenized lung. The res idual volume of PFC was small (< 500 ul or 15%
of the initial volume) but it was hypothesized that this small amount could act as a barrier
preventing the delivery of the vector to the alveotar compartment. Therefore, we repeated the
experiments with a longer duration between repeat administrations.

These new experiments used the same conditions on day 0, however, the second
administration of adenoviral was given on day 21 and the animals were harvested on day 23.
Pilot experiments demonstrated < 250 pl of residual PFC {< 7.5% of the initial valume) by 21
days. Unfortunately, there was still no real transfection in the group trested with PFC compared
o controls (Figure 2).

Effect of PFC on repeat transfection 21 days after Initial

transfection
25000 -
§ 20000
fg 15000 BPFC
4
% 5000
F-]

2 days after 15t fransfection 2 days after repeat
transfection

Figare 2
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This was elther caused by interference of adenoviral transfection by the 'small amount of
residual PFC or due to an enhanced immune response generated by the high expression after
the first transfection. To address the latte,r we began experiments using a less immtinogenic
vector, In collaboration with Dr. Ramesh (Project 7) we had preliminary in vitro data
demonstrating improved gene transfer into A543 lung cancer cell lines using liposomes
(DOTAP:cholesterol lipid formulation mixed with B-gal plasmid DNA) in the presence of PFC.
This enhanced gene transfer coupled with the decreased immunogeniic properties of liposomes
prompted us to attempt in vivo pulmonary gene delivery using liposomes with PFC. ' ’

Our initial attempts with liposomes administered intratracheally, with or without PFC, restilted in
100% mortality within 10 minutes secondary to respiratory distress. Furtherwork with varlous
ratios of DOTAP and cholesterol revealed that the lethal agent was the cholesterol, A new lipid
formulation consisting only of DOTAP and B-gal plasmid DNA was ¢reated and was able to be
administered safely. However, at 1 and 2 days post administration there was no B-gal
expression regardless of the presence or absence of PFC. We have discontinued work with
liposomal vectors in vivo,

Specific Aim 3: To determine PFC’s ability to allow continued penetration of the
pulmonary parenchyma in the setting of an animal model of severe
emphysema. _

These experiments are scheduled for the second and third year of this brdjecf
Spetcific Aim 4: To determine the ability of PFC mediated gene transfer to eﬁectlvery ‘

transduce a model of multifocal lung cancer,

We have begun administering tumor cells to animals and generating a time course of tumor
nodule growth within the lung. Our initial studies have identified microscopic tumor nodules at
14 days after intravenous injection of 10° rat fibrosarcoma cells. Examples of the tumor hodule
- are shown in figure 3. Based on their small size we have gone to'21 days after tumor injection

Figure 3
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as the time point for attempted transfection. We have just initiated studies with adenoviral vector
contalning p-gal administered intratracheally with or without PFC in animals with pulmonary
metastasis. '

The key accomplishments are:

Intratracheal administration of adenovirus allows transfection of the lung parenchyma only
and is sigrificantly Increased when delivered in the presence of perfluorocarbon.
Unfortunately, pulmonary transfection after repeated administration of adenovirus with
parflucrocarbon intratracheally is not successful. :

We have explored DNA:Liposomal complexes with perfluorocarbon as well. Although in
vitro studies were promising, any complex containing cholesterol given intrathecally was
lethal and complexes without cholesterol were unable to transfect lung tissue when
administrered intrathecally.

An anirial model of pulmonary metastasis in a immunocompetent rat has been developed |
and experiments testing the ability of perfluorocarbons to enihance tumor transfection is
belng investigated. ‘ .
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Project 10: Development of Novel Murme Models of Lung
Cancer and Evaluation of Antlangiogemc Agents

Co-Principal Investigator: Michael O’Reilly, M.D.
Co-Principal Investigator: Roy Herbst, M.D., Ph.D.

The primary goal of our ongoing studies is to provide a rational basis for use of antiangiogenic
agents with conventional and emergmg modalities in the treatment of luing cancer. We have
now developed and validated murine models of orthotopic and metastatic human lung cancer
for testing the efficacy of antianglogenic agents alone and in combination with cytotoxic

- chemotherapy. Experimental animal models of primary human non-small cell (H441 and PC14
adenocarcinoma and H226 squamous cell carcinoma) and small cell lung (NCI-HB9, NCI-H187,
and NCI-N417) cancer in mice are now in place to study the biclogy and therapy of human lung
cancer. In these models, tumor cells injected (Figure 1) into the lung parenchyma of nude mice
produce lung lesions and differént tumors produced different patterns of spread. We recently
published a'paper (Onn et al, Clinical Cancer Research 8:5532-5539, 2003) describing our
orthotople model of non-small cell lung cancer and are preparing a manuscnpt describ ing the
‘small cell lung cancer models

Fxgure 4 Onhotopm model of human lung adenocarcinoma. che are mjected with htitian Humg adenncarmnoma cells (pane] A)
and 3 solitary Iesmn (panel B) develops that suchquenﬂy spreads (panel C) throughout the thomx

, Our‘primary lung cancer models recapitulate the local
and regiohal growth patterns seen'in lung cancer
patients, i.e. from a solitary nodule to a diffuse thoracic
disease involy ving both lungs and the lymph nodes.
However, lung cancer patients frequently suceumb to
metastatic disease. To address this we are now
developing murine models of metastatic cancer to the
brain and bone by injecting human non-small ceff or
small cell lung cancer into the brain (through the
calvarium or by intracarotid injection) or bone (via
Intratibial injection). ‘For human lung adenocarcinoma
(PC14 and H441) we have now established cell lines
that preferentially grow in the brain or bone and closely
mimic metastatic patterns observed clinically in lung

Figure 2: Metastatic miodels of human lung
adenocarcinoma. Bone {left panel, arrow indicates a
Iytic lesion) or brain mietastases (right panel, arrows
indicate bilateral lesions) after intratibial (bone) or

30 intracarotid (brain) injection of tumor cells,
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cancer patients with metastatic disease to these sites (Figure2).

Using our primary and metastatic lung cancer models we have completed studies of
antiangiogenic therapy alone and in combination with chemotherapeutic agents. ZD6474 is an
oral anglogenesis inhibitor that targets VEGFR2 and EGFR. For two different humarilung
adenocarcinomas (PC14and H441), oral therapy with ZD6474 resulted in the near complete’
suppression of malignant growth of ' SR

established lung tumors (Figure 3) and H441 Lung Adenocarcinoma
ijéV’ented p?eural efoSiOn formation and -~ Lusgwelght{ey ' ?It'tﬁral effuston {ml)
inhibited chest wall invasion. in contrast, 141 Coipst ‘ ) Gt ‘
systemic weekly therapy with Taxol had litle | & M

or no effect on lung cancer progression. | e ,
These studies have provided preliminary data ol sy g bt I I R
for a project on a PO1 grant application that B e O B DL
we recently submitted and are currently in the PCI4PEG Lung Adenocarcinoina
process of revising for resubmission. Mein Ludg welghi (g) Plcardt ffisos
ZDB474 was also effective against lung ] Gt e N e
adenocarcinoma in our brain and bone u _ ‘ :J

metastatic models. In our orthotopic lungand | ., L e e

brain metastatic models (lung % L N F O L
adenocarcinoma), the activity of ZD6474 was R uﬂ “i

enhanced by combined therapy with Taxotere :

or Taxol. In contrast, in the bone metastatic Figure 3: Effect of ZD6474 therapy on orthotopic lung
model the activity of ZD6474 was adenocarcinoma growth and pleural effusion formation.
antagonized by Taxol. These data suggest

that organ microenvironment influences response to combined antiangiogenic and cytotoxic
therapies. Our studies will allow for the rational design of clinical trials with antiangiogenic
therapy when combined with chemotherapy. We have now initiated studies of different
sequencing of antiangiogenic agents with chemotherapy for treatment of lung cancer to
determine how to optimize combined modality therapy with these agents. -

To assess the effects of ZD6474
antlanglogenic therapy of human lung cancer
upon the tumor vasculature, we analyzed

tumor tissue using inimunoflucrescence P .
double staining for CD31/PECAM-1 e : "

(endothefial cells) and CD31/TUNEL
(apoptotic cells). Endothelial cell apoptosis
(Figure 4) preceded tumor cell apoptosis
suggesting that effects on the vasculature

0% ¢

=% b

T

may be a useful surrogate for conventional g | y,;/////
tumor response. 1n currerit and ongoing , 5,//%///
studies we are studying several different bl ///
parameters using molecular analyses of 1 =r | ‘b
tumor tissue for ;g)rimary and metastatic lung o By | , I ‘
cancer treated with aritianglogenic therapy Vehicle Control ~ ZD6474: Day 5 ZD6474: Day 15

alone and in combination with chemotherapy. Figure 4: Effect of ZD6474 therapy on endothelial and tumor cell
These studies have direct clinical relevance apoptosis of orthotopic human lung adenocarcinoma growing in

given that surrogates for response to therapy with antiangiogenic and other biolagically targeted
theraples are needed in the clinic. ' :
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In'summary, we have made substantial progress with Project 10 as follows.

1.

2
3.
4

Development and validation of primary and metastatic mutine models of human lung

cancer that closely mimic patterns of disease that are observed clinically.
Demonstration of efficacy of antiangiogenic therapies, as compared to conventional
theraples, in primary and metastatic lung cancer models. »

Combined modality treatment of primary and metastatic lung cancer with antiangiogenic

therapy and cytotoxic chemotherapy. v , :
Molecular and functional analyses of tumor tissue and tumor vasculature In lung cancer

treated with antlangiogenic therapy and the development of potential surrogates for
response to therapy. ’ :
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Core B: Biostatistics & Data Management
Core Director: J. Jack Lee, Ph.D. |
‘Core Co-Director: B. Nebiyou Bekele, Ph.D.

Core Goals: o
» To provide the statistical design, sample size and power calculations for each project.

» To facilitate prospective data collection and quality control of data for the clinical trials,
animal experiments, and basic sclence studies associated with the TARGET program.

» To provide all statistical data analysis including descriptive statistical analysis,
hypothesis testing, estimation, modeling of prospectively generated data.

¢ To generate statistical reports for all projects.
» To collaborate and assist all project investigators in the publication of scientific results.

From the inception of the TARGET program, the Biostatistics and Data Management Core has

worked actively with all the Projects in their research efforts, especially in the area of bio-

statistical advice and consulting; in the initial design of studies: analysis of experimental results

‘and development of a decision analytic model to assess the effect of prophylactic cranial
irradiation for patients with small cell lung cancer.

In collaboration with Dr. Ruth Katz, we have analyzed various data sets relating tothe
refationship between deletions of the 3p and 10q genes and overall survival for patients with
NSCLC. We have submitted 1 paper for publication with 3 papers in progress.

In collaboration with Dr. Charles Lu, we have analyzed factors potentially progniostic for overall
survival in resected Stage | NSCLC patients. This paper has been submitted to JCO.

In collaboration with Lin Ji, we have analyzed the relationship between the expression of FUS1
protein in tumor tissue compared to normal tissue. We used the marginal homogeneity test to
test for differences between the paired samples {Normal Vs, Tumor). The marginal
homogeneity test, a generalization of McNemar's test, assesses the equality of categorical
respanses from two populations, where the data consist of paired, dependent categorical
responses, one from each population. This research has been published in Cancer Research
and Dr Bekele was acknowledged, :

In Collaboration with Dr. Scott Cantor (a decision scientist) and Dr. Jin-Soo Lee (Director of the

National Cancer Center of Korea) we have developed a decision analytic model to exarmine the
effects of PCI on quality adjusted life years (QALYs). Ulility assessments of the effects of PCI
(and associated neurotoxicity) were elicited from Dr. Jin-Soo Lee (an expert in this field). .
Survival times for both the PCI group and the Non-PCl group were modeled using a log normai
distribution which mimicked survival times reported in the literature. Quality adjusted survival
tirme and expected QALYs are estimated for current survival rates and assuming the cure rate
will increase in the future due to improved therapy and management of this disease. This
“research is in progress.
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Publications

1.

Uno F, Sasaki J, Nishizaki M, Carboni G, Xu K, Atkinson EN, Kondo M, Minna JD, Roth
JA, JiL “Mynstoy!aﬁon of the Fus1 Protein is Required for Tumor Suppression in Human
Lung Cancer Cells” (Dr Bekele Acknowledged) ‘

Barkan GA, Caraway NP, Jiang F, Zaidi TM, Fernandez R, Vaporcyin A, Motice R Zhou
X, Bekele BN, Katz RL. “*Comparison of Molecular Abnormalities in Bronchial Brushings
and Tumor Touoh Preparations: The Potential Use of Fluorescence In Situ Hybridization
(FISH) to Identn‘y Predictive Markers in Early-Stage Lung Carcinomas” (Submitted)

Lu C, Soria JC, Tang X, Xu XC, Wang L, Mao L, Lotan R, Kemp B, Bekele BN, Feng'L,

Hong WK, Kurle FR. “Prognostic Factors in Resected Stage | Non-Small Cell Lung
Cancer (NSCLC): A Multivariate Analysis of Six Molecular Markers” (Submttted)
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KEY RESEARCH ACCOMPLISHMENTS

We have tested all functional assays on commercially available cefls, and have started applying
- the assays to the tissue cultures set up by Dr. Koo. We have also begun to evaluate '
correlations between data from lymphocytes, bronchial brushes and touch preparations. ,
We have adapted the fluorescence inter-simple sequence PCR technology to the analysis of
normal epithelium in the field of lung tumors and have demonstrated the preserice of subclonal
outgrowths in this apparently normal epithelium. With multiplexing of FISSR-PCR, these results
suggest that this technology may be useful for quantifying the level of subclonal outgrowths in
normal lung tissue at cancer risk and will permit comparisons between the bronchial epithelium
of current and former smokers. o v

Proteins secreted from abnormal squamous metaplastic bronchial epithelial cells, but not from
normal mucous eplthelial cells were identified using 2-dimensional PAGE and MALDI-TOF or
HPLC/MS/MS spectrometry, They are squamous cell carcinoma antigens (SCCA), annexin |
and ll, S100A9, and S100A8. _

Al of the identified proteins present as multiple forms with different molecular weight and
isoelectric point, suggesting that they were posttranslational modified or alternatively spliced
products. : '

We found that genes in the WNT pathway, apoptosis, and cell cycle are concurrently
deregulated in non-small cell lung cancer cells as compared to normal bronchial epithelial cells,
Significant progress has been made identifying eligible subjects, procuring tumor tissue blocks,
and performing biomarker assays. We expect to complete these aspects of the project, in
addition to data analysis and manuscript preparation, within the 3-year funding period.
Significant progress has been made identifying efigible subjects, procuririg tumor tisstie blocks,
and petforming biomarker assays. We expect to complete these aspects of the project, in
addition to data analysis and manuscript preparation, within the 3-year funding period.

s Establishing that premalignant epithelial cells of oral cavity and lung are sensitive to SAHA

» Discovery that SAHA inhibits the growth of cancer ¢ells by G2 arrest and apoptosis induction
Elucidation of the mechanism by which SAHA induces apoptosis as the increased expression
of Fas (death receptor) and activation of the Fas ligand/Fas mediated apoptosis pathway

+ Novel ras-dependent and independent effects of farnesyl transferase inhibitors uncovered

» Proteomic analysis of FTI treated cell lines detects several important classes of proteins that
Are upregulated or downregulated by this class of compounds '

* Lonafarnib inhibits HDACE through a novel machariism in several lung cancer cell fines. This
may serve as an important target for development of trials targeting synergy between novel
signal fransduction inhibitors and tubulin targeting cytotoxics B B :

» Studied molecular mechanisms of a novel tumor suppressor gene (TSG) FUSHY, identified
an apoptotic protease activating factor 1 (Apaf1) as the callular target that directly interacts
with Fus1 protein, and found that Fus1 protein functioned as a key mediator in Apafi-
‘mediated mitochondrial apoptosis pathway by recruiting and directing cytoplasmic Apaf1
protein to a critical cellular location and activating it in situ, and by upregulating activity of
other pro-apoptotic effectors such as p53 and downregulating anti-apoptotic mediators such
as Bel2 family proteins for the efficient induction of apoptosis

» Studied the effects of Fus1 in combination with other tumor suppressor genes such as p53
and chemotherapeutic agents such as cisplatin, taxel, protein tyrosine kinase inhibitors on

- tumor cell proliferation and apoptosls in vitro and in vivo. Our results suggest that co-
expression of FUS1 and p53 could synergistically inhibit lung cancer cell growth and the wt-
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Fus1 may play a critical role in modulating the sensitivity of tumor cells to the ;
chemotherapeutic agents, especially, to DNA damaging agent Cisplatin and protein tyrosm
kinase inhibitor Gefitinib
Demonstrated the selective and increased uptake of liposome-DNA complexes by turnor
cells in the lung compared to surrounding normal tissues. A phenomenon shown for the first
time. These findings were highlighted in the editorial section of the journal "Molecular
Therapy”. These findings allow Us to utllize the inherent properties of the DOTAP: Cho!—DNA
liposome complexes
o Demonstrated that host~mﬂammatory response in tumor-bearing anima!s is reduced
compared fo normal animals, which is partly mediated by the production of IL-10 by tumor
cells. Hence differences éxist in the liposome-DNa complex induced toxicity. This forms a
basis to conduct toxicity studies in tumor-bearing animals that is relevant to patients in the
~ clinle
» Developed novel strategies to suppress liposome-DNA oomp!ex induced mﬂammatory
response. This strategy is being planned for incorporation in the phase-/il clinical trial.
« Demonstrated the therapettic effect of FUS1 in xenograft tumor models.
» Toxicology studies are completed. Results are being compiled for submission to FDA.
¢ Intratracheal administration of adenovirus allows transfection of the lung parenchyima only
and is significanitly increased when delivered in the presence of perfiuorocarbon.
Unfortunately, pulmonary transfection after repeated administration of adenovirus with
perfluorocarbon intratracheally is not successful.
¢ We have explored DNA:Liposomal complexes with perﬂuofocarbon as well. Although in
~ vitro studies were promising, any complex contammg cholesterol given intrathecally was
lethal and complexes without cholesterol were unable to transfect lung tissue when
administrered intrathecally.
¢ An animal mode! of pulmonary metastasis In a immunocompetent rat has been developed
.and experiments testing the ability of perfluorocarbons to enhance tumor transfectuon is
being Investigated. v
s Development and validation of primary and metastatic murine models 6f human !ung cancer
that closely mimic patterns of disease that are observed clinically.
» Demonstration of efficacy of antianglogenic therapies, as compared to coriventional
therapies, in primary and metastatic lung cancer models.
« Combined modality treatment of primary and metastatic lung cancer with antiahgiogenic
“therapy and cytotoxic chemotherapy.
+ Molecular and functional analyses of tumor tissue and tumor vasculatute In lirig ¢ancer
treated with antiangiogenic therapy and the developmenit of potential surrogates for
response to therapy.

REPORTABLE OUTCOMES
Abstracts:

1. Ly, T., and Hittelman, W, N. Quantitative fliorescence mter~szmple sequence repeat CR
‘(FISSR-PCR) for subclonal analysis of bronchial cell populations. Proc. AACR, 2004.

2. Hassan KA, Lee H-Y, Kim E, Bishop WR, Kirschmeier P, Mao L, Khuri FR. A novel
mechanism of farnesyltransferase inhibitor (SCH66336) arrestmg head and neck
squamous cell carcinoma cells. Proceedings of the American Association for Cancer
Research, 44, abstract #800, pp. 1566, 2003. o , -

8. UnoF. Sasaki J, Nishizaki M, Carboni G, Xu K, Minna JD, Roth JA, and Ji L.
Myristoylation of Fus1 ptotein is required for Fus1-mediated tumor suppressing activities in
human lung cancer. American Association for Cancer Research {AACR), 84" Annual
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Meeting, Washington, District of Cotum'bia July 11-14, 2003. Proc. Am. Assoc. Caricer
Res., 44:75, 2003.

4. Gopalan B, JiL, Ito I, Saito Y, Branch €D, Xu Kai, Stephens C, Minha JD, Roth JA, and
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Articles:

1. Hittelman, W. N., Kurie, J. M., and Swisher, S. Molecular Events in Lung Cancer and
Implications for Prevention and ‘Therapy. In: Anderson Associates Monograph on Lung
Cancer. F. Fosella, R. Komaki, and J. Putnam, Jr., (eds.) pp 280-298, 2003. -

2.ty T.and H:ttelman W. N. Improvement and application of fluorescence mter—simpi
sequence repeat polymorphism chain reaction for the study of subclonal growths in lung
epithelial cell populations. Chest 125 (Supp!. 5):110-1118, 2004,

3. Khuri FR, Glisson BS, Kim ES, Meyers ML, Herbst RS, Thall PF, Munden RF, Statkewch
YP, Bangert S, Thompson E, Cascino M, Shin DM, Papadimitrakopoulou 'V, Kurie JM,
Kies MS, Lee JS, Fossella FV, Heng WK. Phase | study of farnesy! transferase inhibitor
(FTI) SCH66336 with paclitaxel in solid tumors. Clinical Cancer Research, May 2004.

4.  KimES, Kies MS, Fossella FV, Glisson BS, Zaknoen 8, Baum CM, Summey C, LuC,
Papadimitrakopoulou V, Hong WK, Khuri FR. Phase Il study of the farneslytransferase
inhibitor (FT1) lonafarnib with paclitaxél in patients with taxane-refractory/resistant non-

~ small cell lung cancer. In press, Cancer, 2004 .

5. Sun 8-Y, Zhou Z, Wang R, Khuri FR. Akt is not a target for the growth inhibiton'and
apoptosis induction by the farnesyltransferase inhibitor SCH66336 in human tung cancer

v cells. In press, Cancer Biology and Therapy, 2004,

6. Uno F, SasakiJ, Nishizaki M, Carboni G, Xu K, Atkinson EN, Kondo M, Minna, JD. Roth
JA, and Ji L. Myristoylation of the FUS1 protein required for tumorsuppression in human
lung cancer cells. Cancer Res. 64, 2969-2976, 2004.

7. Nishizaki M, Sasaki J, Fang B, Atkinson EN, Minna, JD, Roth J, and Ji L. Synergi stic
tumor suppression by coexpression of FHIT-mediated MDM2 inactivation and p53

~ stabilization in human NSCLC cells. Cancer Research 64 (16), 5632-5640, 2004.

8. lto [, Began G, Mohiuddin |, Saeki T, Saito Y, Branch CD, Stephens LC, Yen N, Roth JA,
Ramesh R. Increased uptake of liposomal- DNA complex by lung: metastases following
intravenous administration. Mol. Ther. 7(3): 408-418, 2003.

9. ltol., Saeki T, Mohiuddin I, Saito Y, Varporciyan A, Branchc Roth JA, and Ramesh R.
Pers:stent transgene expression following intravenous administration of a liposomal
‘complex: role of IL-10 mediated immune suppression. Mol. Ther. 9 (3): 318-327, 2004.
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delivery of the 3p gene FUS1 inhibits growth of human lung cancer in vxvo Oancer Gene
Ther. 2004, (in press). v

11. Onn A, Isobe T, ltasaka A, Wu'W, O’Reilly M, Hong WK, Fidler IJ, Herbst RS.
Development of an Orthotopic Model to Study the Bnology and Therapy of Primary Human
Lung Cancer in Nude Mice. Clin Can Res 9:5532-5539, 2003 '

Patents: ‘

1. JiL, Roth JA, Detection of Expression and Posttranslational Modifi cation of Fus‘l Protein on
PrOtemChip Array by SELDI-TOF-MS. MDAD4-107, 2004

2. JiL, Fang B, Roth JA, Novel hTMC promoter and vectors for the Tumor-selectwe and high~
-efficient Expression of Cancer Therapeutic Genes, MDA04-108, 2004

3. Kundra V, Fang B, Ji L, Yang D, In Vivo Imaging of Gene Expression Targetmg the
Te!omerase Promoter MDA04-081, 2004

4. Jil, Roth JA. Protamine-adenoviral vector complex-mediated gene therapy for caricers.
PCT/US03/09152; U.8. Patent, US03-09152, U.S. Serial No. 60-366846. MDA01-025. 2001

5. JiL, Roth JA, Minna JD. and Lerman M!. Chromosome 3p21.3 genes as tumor- suppi‘essors,
U.8. Patent, US-2004-0016006-A1; World Patent: WO 02/04511 A2

CONCLUSIONS

Project 1: Preliminary analyses indicate that lymphocyte markers predict genetic events in
bronchials brushings and tumor tissue.

Project 2: We have adapted the fluorescence inter-simple sequence PCR technology to the
analysis of normal epithelium in the field of lung tumors and have demonstrated the presence of
subclonal outgrowths in this apparenﬂy normal epithelium. With multiplexing of FISSR-PCR,
these results suggest that this technology may be useful for qua‘ntxfymg the level of subclonal
outgrowths in normal lung tissue at cancer risk and will pertnit comparisons betWeen the
bronchial epithelium of current and former smokers.

Project 3: Panel of proteins composed of SCCA, annexin 1 and 1l, $100A9, and S100A8 may
be useful molecular markers for detection of early metaplastic ¢changes of bronchial epithelium,

Project 4: No conclusions can be drawn at the present time.

Project 5: Our studies indicate that epigenetic mechanisms are mediating the grc»wth and
survival of head and neck and lung premahgnant and malignant cells and that reversal of
epigenetic changes by various agents in particular HDAC inhibitor and dememthylating agents
can result in growth inhibition and apoptosis. ’

Project 8: Lonafarnib is active in inducing growth arrest and apoptosis in human NSCLC and
HNSCC cells, through mechanisms independent of Ras mutation and Akt activation in NSCLC..
This suggests a completely novel, Akt-independent mechanism of action for these compounds
in lung ‘cancer, unlike our previous data generated with head and neck cell lines.

Project 7: Our results point to an essential role of Fus1 in apoptotlc pathway by directing the
critical assembling of apoptosome for cells in response to carcinogenic stimulus stich as DNA-
damaging chemicals and gamma radiation. Our results also imply that a combination treatment
‘with the FUS1-lipoplex-mediated molecular therapy and the cisplatin or taxane-based
chemotherapy may be an efficlent treatment strategy for lung cancer. Our results have also
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established the feasibility of using DOTAP:Chol-based liposormal gerie delivery for systemic
therapy of lung cancer. Furthermore, FUS1 has been shown to be an effective tumor
suppressor. Toxicology studies have established the maximum tolerated dose and are being
submitted for initiation of clinical trial. This will be the first systemic gene therapy-based therapy
for lung cancer.

Project 9: Transfection of lung parénchyma by intratracheal administration of adenovirus is
enhancad using perfluorocarbon. Repeated intratracheal administration of adenovirus with
perfluorocarbon does not result in repeated transfection. Conclusions regardmg transfection of
puimonary metastasis are pending.

Project 10: Targeted vascular therapy against lung tumor endothelial céﬂs represénts aviable
target fortherapeut:c intervention. Based on our data, clinical trials using these agents will soon

LIS
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Quanﬁtéﬁve fluorescence inter-simple sequence repeat PCR (FISSR-PCR) for
subclonal analysis of bronchial cell populations

*Tao Lu and Walter N. Hittelman. The Univ. of Texas MD Anderson Cancer Center, Houston, TX.

Tumorigenesis is a process of cumulative clonal and subclonal cell exparnsion in 4 field of epithelial cells
driven by genetic instability. Quantitative assessment of the freqiiency and complexity of clonality in -
pre-malignant tissues may therefore provide cancer risk information. Inter-Simple Sequence Repeat
PCR (ISSR~PCR) is a DNA fingerprinting technology that has proven useful for quantifying clonal
changes in human tumors. FISSR-PCR involves the same technology as ISSR-PCR except that - ,
fluorescence-dye labeled oligonucleotide primers are utilized and the PCR products are analyzed using
the ABI 377 DNA Sequencer. We previously demonstrated that FISSR-PCR could distinguish clonal
outgrowths of bronchial epithelial clones derived from single cells. The purpose of this study was to
determine the sensitivity of FISSR-PCR to detect subclonal variation in populations of bronchial
epithelial cells. To this end, DNA of single cell clones with gains and losses at known loci, previously
isolated from lung epxthehal Beas 2B and 11701 cell lines, were mixed together in different proportions
at 10% increments to mimic cell populanons with different degrees of subclonal variation. Following gel
separation and fluorescence quantitation of size (i.e., mi granon) and relative amount (peak size) of the
resultant PCR fragments, the DNA band proﬁles were aligned on the basis of the largest cluster of
common bands. The scans derived from the various cell mixtures were then compared on the basis of
normalized peak heights. For common peaks between variant cell popuilations, the standard deviation
was found to be less than 10% of the absolute mean value (data from triplicates of 11 population
mixture reactions). On the other hard, the relative peak height of known variant bands varied linearly
with the relative ratio of cell mixtures (linear regression analysis, R? >0.98). Based on these studies, a
change in relative peak height of 20% was sufficient to detect the presence 6f a subclonal variant. This
suggests that FISSR-PCR may provide a sensitive technique for quantifying clonal variation in bronchial
epithelial cell populations and may prove useful for cancer risk assessment Supported in part by
DAMDI 7-02-1-0706, CA-68437, arid CA70907.

Presenter: Tao Lu

Affiliation: The Univ. of Texas MD Anderson Cancer Center, Houston, TX; E«maﬂ
tlu@mail. mdanderson.org

Copyright © 2004 American Association for Cancer Research. All rights reserved Citation mfbrmatmn
Proceedings of the AACR, Volume 45, March 2004.
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Regulated Gap Junction-

Cytoskeletal Associations in

Rat Alveolar Epithelial Cells*

Yihe Guo. PhD; Cura Martines-Williams; end
D. Eugene Rannels, PhD

(CHEST 2004; 125:1105)

Abbrevistions: Cx = connexin; GJ = gap junction

Y onniexin 43 (Cx43} is a predominant gap junction {G])

protein that is expressed by pulmonary alveslar epi-
thelial cells, bath in situ and in privhary culture. Cxd3
expression increases with culture time, as type T cell
Isolates assume a more type T cell-like phenotype, In these
cell populations. Cx trafficking, assembly, and turnover are
regulated by diverse pathways, including those that involve
integrin-mediated cell-extracellular wmatrix Interactions
snd/or elements of the cytoskeleton. Immunocytochemi-
4l double labeling demonstrates the association of micro-
tobuiles with the cellular internalization -of Cxd3-positive
G] plaques. Antihodies against the o5 integrin subunit
block cell-extracellular matrix interactions, with little ef-
fect on tubnlin expression. In contrast, the inhibition of
mitogen-activated protein kinase kinase by PD98059 re-
duces tishulin expression, based either on direct immuno-
staining or ‘on Western blot adalysis. To examine the

“association of micratubules with GJ plaques, day 3 cells
were exposed with colchicine (05 to 24 h). The drug

dﬁxaswmblﬂi the migratitbules within 80 min, whereas
Western blot showed no change in tubulin abundance.
Colchieine cansed a parallel redistribution of immunopo-

-stive Cx43 from the plasma membrane to the cytosol.

These data are consistent with the conclusion that in

- glveolar epithelial cells, the diréct association of cytoskel-

etal proteins with GJs plays a role in the regulation of
Cx43 expression and intracellular distribution via iritegrin-
wmediated signal transduction pathways.

“From the Department of Celhilar & Molecular Physiology, The

Pennsyhvania State Unlversity College of Medicine, Hershey, PA.
This sturdy was supported by grants HLG64682, HL10358 from the
National Institutes of Health, and AHA 0150244N From the
American Heart Association. » ‘

Reproduction of this article is prohibited without written permis-
sion from the American College of Chest Physiciatis {e-mail:
permissions@chiestnet.org). '
Correspondenie to: D. Eugene Rainels, PhD, Depariment of
Cellular and Moleular Physiclogy (C4600D), The Pennsylvania

State Untuersity College of Medicine (H166), 500 University Dr,
_Hershey, PA 17033-0850; e-mail: grannels@psu.edu .

Improvement and Application
of Fluorescence Inter-Simple
Sequence Repeat Polymerase
Chain Reaction for the Study of
Subclonal Growths in Lung
Epithelial Cell Populations*

Tao Lu, PhD; and Weller N. Hittelman, PhD
{CHEST 2004; 125:1105-1118)

Abbreviations: FISSK = fluorescent dye-labeled primes for
the intersgimple séquence repedt; PCR = polymerase chain ré-
action

C hrombésome in sity hybridization and loss of heterozy-
gosity andlyses on bronchial blopsy spécimens of
current and former smokers have demonstrated the pres-
ence of clonal and subclonal outgrowths throughout the
exposed lung epithelium, Since high frequencies of clonal
outgrowths have been detected in the narmal/premalig-
nant epithélium adjacent to lung tumars, it is postulated
that the frequency of subclonial outgrawths may provide a
sisk marker for lung cancer development: We therefore
examined a guantitative technique with sufficient dynamic
range (iz, inter-stinple sequénce repeat polymerase chain
redetion [PCR]) for it ability to detect subelonal out-
growths in lung epithelial cell populations.

~ To improve the reproducibility and quantitative aspects
of this method, Wwe used fluorescent dye-labeled primers
for the inter-simple sequence répeat (FISSR)-PCR réac-
tion, separated and qirantified the PCR products o1 a
sequencer (model ABI 3771), and analyzed the results
using computer software {GeneScan; Foster City, CA). To
test the reproducibility of the sequencer, aliquots of single
FISSR-PCR reactions wére rim in separate lanes and were
shown. to ‘give reprodieible band patterns. To test the
reproducibility of the FISSR-PCR reaction, we carried out
triplicate veactions with the same DNA source and showed
reproducible band patterns. To detérmine 16§ sengitivity
for detecting clonal evolution during lung tumorigenesis,
we quantified the number of genetic alterations detected
by FISSR-PCR in & bronchial epithelial cell progression
maodel system consisting of four evolved lung ¢ell lines,
including large T-antigen immortalized normal human
bronchial epithelial cells (BEAS-2B cells), grown in vivo
(1799 cells), treated with cigarette smoke condensate
{1198 cally), and évolved to garicer (11701 eslls) {originally

*From the Department of Expevimental Therapeutios, University
of Texas MD Anderson Canter Center, Houston, TX.

This research was suppoited inpart by grarits DAMDIT-02-1-
0706, CA-68437, and CATO90T. .~ =
"Reproduction of this article is thibtted without written permis-
sion from' the Ameritin ‘College of Chest Physiotiny (e-mdil:
permissions@chestmet.org), o
Corraspondence to: Tao Lu, PhD, Department of Experimental
Therapeutics, Box 19, University of Texas MD Anderson Cancer

“Center, 1515 Holcombe Blud, Houstom, TX 77030; e-mail:

Hu@mdaniderson.org

1108 Trioinas L Petty 48th Annual Aspen Lung Gonference; Lung Cances: Early Events, Early interventions



derived by Klein-Szanto et al’]. Using two groups of
primers, we identified nine alterations between the
BEAS2B and 1799 cells, 3 additional changes to the 1198
cells, and 4 additional changes to tumorigenie 11701 cells.
To determine the ability to detect subclonal popilations,
we isolated single-cell clones from the BEASZB and 11701
populations, and demonstrated the presence of distinct
sabelones. To determine the sensitivity of this technique
for detecting subclones, we carried out wiixing experi-
ments of subclonal fractions, and demoristrated a quanti-
tative relationship between relative peak height and sub-
elonal fraction. ‘
These results sugeest that FISSR-PCR has promise for
quantifying the extent of subclonal outgrowth in cell
populations, and that it may prove nseful in the assessiment
of lung cancer risk when applied to the analysis of the
bronchial epithelium of current and former smickers.

, -REFERENCE
1 Klein-Szanto AJP, Tizdsa T, Momikt S, Garcia-Plazzo I,
Cuarniing ], Metcall R, Welsh J, Harris CC. A tobacto-
specific Nenitrosamine or cigdrette sinoke eondersate
cnuses peoplastic transformation of xenotransplanted hu-
man bronctital epithelial cells. Proc Natl Acad Sci US A
1992, 89:6895-~6697

Sprouty 2 Gene in Mouse Lung
Tumorigenesis*
Ceorge Minowdda, MD; aind York E. Miller

{CHEST 2004; 125:1118)

Ahbreviations:  NSCLC = non-small  cefl lung  cancer;
Spry = Sprouty '

M embers of the Sprouty (Spry) gene family encode
tiovel proteis that function as intracellular antago-
nists ‘of the Ras signaling pathway. Loss of Spry function’
would be predicted to entiance Ras signaling.

Several mechanisms appear to increase Ras signaling in
the mast coimon type of human lung cancer, non-smatl
cell lung ecancer (NSCLC). Epidermal growth factor re-
ceptor members and/or one of their ligands are expressed
in most NSCLCs. Similarly, fibroblast growth factor 2 is
exprossed in many NSCLCs, if not most. Alternatively, 15

*From the University Hospitals of Cleveland, Case Western
Reserve University, Denver VAMOC; University of Colomido
Health Selences Center.
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to 20% of NSCLCs have activating mutations in the KRAS
gene. It remains unclear what role Ras signaling may play
in the pathogenesis of NSCLG, but at least one conse-
guence appears to be increased proliferation. In 4 mouse
model of lung cancer, the chemical carcinogen urethane
causes activating mutations in K-ras and induces lung

_ tumars. Thus, perturbations that would be predicted to

enhancé Ras signaling appear to play a key role in the
pathogeniesis of some types of NSCLC. Such perturba-
tions also appear to be markers of a more biologically
aggressive cancer siice patfents with these tamors do

worse. : :

Of the four members of the Spry family of genes, Spry
2 is expressed in the lung epitheliom, the cell type fiom
which NSCLC arises. ‘We hypothiesizéd that the Ray
signaling antagonist Spry 2, which is expressed in thelung
epithelium, modulatés susceptibility to and/or the biolog-
ical behavior of lung eancer. To begin to test this hypoth-
esis, ‘we have compared irethane-iiiduced lung tumor
development in Spry 2 lung-specific avefexpressing mice
(13 mice) with their Hitermate controls {14 mice). Corisis-
tent with the hypothesis, the miean tumor multiplicity and
diameter were lower in' the overexpressor mice (13.5 vs
18.7 turnors per mouse, respectively; 0.78 vs 0.86 wm per
tumor, respectively). :

Gene Expression Patterns,
Prognostic and Diagnostic
Markers, and Lung Cancer
Biology* :
Nnﬁrzl:‘ Kaminsks, MD: aﬁil Me‘if Krugisky, MD'

(CHEST 2004; 125:1115-1158)

Key words: array comparativé geiomic hybridization; early
det&kc;ion; micevarrays; non-small cell lung cancer; sirrogate
mirkers ‘ :

L witg caneer is'a commion talignancy and is the major -
determinant of overall cancer mortality in developed
tountries.! Estensive prospective epidemiblagic “data
clearly have established cigarette smoking as the major
cause of lung cancer? Tragically, despite an impressive

*From the Dorothy P, & Richard P. Simmons Center for
Interstitial Lung Disease (Dr. Kaminski), Pulmonary, Alle?* and
Critical Cars Medicing, University of Pittshurgh Medica! Centar,;
Pitisburgh, P4 and the Institute of Respiratory Medicine and
Physiology {Dir. Krupsky), Sheba Medical Center, Shigha, Tsriiel,
Dr. Kamingld's work was partly supported by the “Tel-Aviv
Chapter of the Israel Lung Assoélation. :
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Correspondence to: Noftali Kaminski, MD, Dotothy P. & Richard
P. Simmons Center for Intevstitial Lung Disease, Pulmonary,
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Medical Centér, NW 638 MUH, 3459 5ih Ave, Pittsburgh, PA
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The Farhesyltransferase Inhibitor Lonafarnib Induces Growth Arrest or Apoptosis of Human Lung Ce
without Downregulation of Akt ‘ , ‘ , :

Author(s):

Shi-Yong Sun, Zhongmel Zhou, Ruoxiang Wang, Halan Fu and Fadlo R. Khuri
PDF Coiting So6n Vol: 3 | Issue: 11 | november 2004 | pgs: NA | Research Paper

Abstract:

Farnesyltransferase inhibitors (FTIs) have been demonstrated to induce growth arrest ot apoptosis
independent of Ras mutation, Alternatively, Akt has been proposed as a potential target for the FTI
This study Investigated whether Lonafarnib was effective in inhibiting the growth of human non-smi
cancer (NSCLC) cells and elucidated the role of Akt in mediating such’ growth inhibitory effects. Lon
clinical achievable concentration ranges, was effective in inhibiting the growth of 10 NSCLC cell line
particularly after a prolonged treatment, regardless of Ras mutational status. Lonafarnib arrested c
at G1 or G2/M phase in the majority tested cell lines. However it induced apoptosis wheh cells were
In a low sérum (0.1%) medium, The majority of NSCLC cell lines expressed uridetectable level of
phosphorylated Akt (p-Akt). Lonafarnib at up to 10 uM did not decrease either total Akt level or p-A
any of the tested cell lines, even after a 48 h treatment. Unexpectedly, Lonafarnib even increased ¢
in one cell line, although It was as sensitive as others to Lonafarnib treatment and underwent G2/M
Bovine serum albumin completely rescued cells from Lonafarnib-induced apoptosis in low serum me
indicating that proteins rather than cytokines or growth factors in serum masks Lonafarnib’s pro-ap
effect, Therefore, we conclude that Lonafarnib is effective in inhibiting the growth of NSCLC cells et
growth arrest or induction of apoptosis without downregulation of Akt,

PDF Coming Soon

: @ Ematl This Page to 8 Colleague

b

Eurekah Journals
Annewxins | Autophaay. | Calclum Binding Proteins | Cancer Blalooy & Therapy | Cell. Cycle |
Organogenesis | RNABIology | Human vactings

[€BT HOME | Forthcoming Tssues JArchived Issues [Infarmation for Auth“ot;s]'

‘[Subscribe [Contart Information |Infortodtion for Advertisers | Editotial Board]

{Ferthcomiva | Archlve]

http://www.landesbioscience.com/journals/cbt/abstract.php?id=1176 | © o 831/2004 |



2068 Ve, 10, 2068-2976, May 1, 2004

Cliviical Cancer Research

Phase 1 Study of the Farnesyltransferase Inhibitor Lonafarmb with

Paclitaxel in Solid Tumors

Fadlo R. Khuri," Bonnie S. Glisson,?

Edward 8. Kim,? Paul Statkevich,*

Peter F. Thall,” Michael L. Meyers,?

Roy 8. Herbst,? Reginald F. Munden,?

Crafg Tendler,® Yali Zhu,* Sandra Bangert,
Elizabeth Thompson,? Charles Lu,?

Xue-Mel Wang,?> Dong M. Shin,* Merrill S. Kies»,2
Vali Papadimitrakopoulon,? Frank V. Fossella,?
Paul Kirschmeler,® W. Robert Bishop,® and
Waun Ki Hong?

YWinghip Cancer Fistinute, Emory University, Atlanta, Georgle: *The
University of Texas M. D. Anderson Cancer (‘cntcr Houston, Texas;
and *Sechering-Plough Research Institute, Kenifworth, New Jersey

ABSTRACT

Purpose: To establish the makimum tolerated dose of
Jonafarnth, & novel farnesyltransferase mhibitor, in ¢ombi-
nation with paclitaxel in patients with solid tumors and to
characterisc the safety, tolerability, dose-limiting toxicity,
snd pharmacokinetics of this combination regimen.

Experiniérital Design: Tn 2 Phase'Y trial, Jonafarnib was
administered p.o., twice daily {(bi.d.) 6n contintiously sched-

wled doses of 100 myg, 125 mg, and 150 mg in combination

with Lv. paclitaxel at doses of 135 mg/m® or 175 mg/m?
administered over 3 h on day B of every 21-day cycle. Plasma

paclitaxel and lonafarnib concentrations were collected at

selected time points from each patient.
Resitlts: Twenty-four paticnts weére enrolfed; 21 pa-

tients were evaluable. The priniclpal grade 3/4 toxXicity was
diarrhea (5 of 21 patients), which was most ikely due to
Joaatarnib. dose:liniting toxicitles included grade 3 hyper-

bilirubinemia at dose level 3 (100 mig b.i.d. Jonafarnib and

© 175 mp/m® paclitaxel); grade 4 disrrhea and grade 3 périph-

eral neumpaﬁsy at dose level 3A (125 mg b.id. lonafarsib
and 175 mg/m® paclitixel); and grade 4 neutropenin with
fevey gnd grade 4 diarrhes st level 4 (150 nig b.id. lona-
farnib and 175 mp/m?® paclitaxel). The maxinium tolerated
‘dosé established by the tontinual reassessment method was

Recetvad 10/15/03; reviscd 12/16/03; accepied 1/9/04.
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lonafarnib 100 mg bid. and paclitaxel 175 mg/m®. Pacli-
taxel appeared to have no effect on the pharmacokinetics of
lonafarnib. The median duratidh of therapy was eight cy-
dles, including seven cycles with paclitaxel. Six of 15 previ-
ously treated patients hadl a durable partial response, in-
¢luding 3 patients who had previous taxane therapy.
Notably, twe of five pitients with taxanesresistant nistastatic
non-small cell lung cancer had partial responses,
Conclusions: When combined with paclitaxel, the rec-
ommiénded dose of lonafarnib for Phase Y frials is 100 mg
p-o. twice daily with 175 mg/m® of puclitaxel fv. every 3

weeks. Additional studies of lomsfarilb in combinn_tion reg. -

fmens appear warranted, particulatly in patients with non-
small cell lung cancer.

INTRODUCTION

Mutations of the ras family of (mcogéneq that' re«mk in
unrégulated cell protiferation are-cammon in human cancers (1),
The ras mutations have beén implicated in the developimernt of
calorectal cancer and have been associated with shorteried sut-
vival in several fumor types, including non-smdll cell lung
cancer (NSCLC: Refs, 2-6). Ras genes encode & protein, p21,
that is locited on the innérsiifface of the pldsria menibrane (1,
7). The p21 protein has GTPasé activity and ‘participites in
sigmal transduction, Activation of the ras encoprotéin feqhires
prenylation. a process that is catalyzed by famesyltransférase:
{8-12).

Famesyltransferase mhtbxtors {FTIs) ate 2 novel class of
compounds that block this eritical enzymatic step in the forma-

tion of active ras proteins (8~13), Lonafarnib {Sarasar; Scher--
ing-Plough Corporation, Kenilworth, NJ) is 4 tricyclic rioripep--

tidomimetic compound (Fig. 1) that is actlve aganat a variety of
turmors n vitre and in animal models of cancer (14). The
antitumor activity of Jonafariiib and ofther FT1s is télated to the
inhibition of famesylation, although controversy currently sur-

rounds the exact famesylated proteins that are the Key targets of

FTIs (15, 16). For'example, Ashar et al. (17) and Creqpo et al.
(18) have shown that FTIs have' important effects on cell cycle
arrest. The data of Crespoer al. suggest a direct effect on spindle
fortriation with resiitant prometaphase accusnulation of mitctic
lung cancer cells. Ashar e al. dlso showed that CENP-E and
CENP-F, two centromeric proteins preferentially expressed in
miitotic cells, are direct substrates for FTIs, and that their pre-
nylation is completely infithited by lonafariib (19).
Compelling data reported by Modsser et al, supplied the
scientific underpinning for-our present study (20). They showed
that, in severdl cell lines initially resistant to paclitavel, the
addition of a FTI enhariced the sedsitivity of those cell lines to
pactitaxel. Subsequent preclinical studies have demonstraied
synergistic effects with Tonafarnib plds paclitaxel on a nuthber

of human cell lines i vitko' (21, 22) 4nd érhanced getivity i

wivo (22). In the NCI-H460 lung cancer xenograft model, inhi-
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Fig: 1 Sructure of onafaraib ({1 1R)-4-[2-[4-(3, 10-dibircirrio-8-chloro-
6.11-digydro-SH-bienrolS.6] cyelohepta (1 2b)pyridin-11y1)-V-piperaxi-
iyl]-2-oxoethyl}-1-pipetidinecarboxamide}..

bition of wmor grinwth was significantly greater with oral lona-
famib plus i.p. paclitaxel than with either agerit alone (86%
versus $2% and 61%, respectively; P < 0.05). Tumor growth
inhibition on days 7 and 14 were 56 and 65% predter, respec-
tively, with the combinarion than with paclitixel alone, In line
€9 wap-rasiF transgetiic male mice, which develop paclitaxel-
resistant mammary tumors at 6-9 weeks of age, ol lonafamib
significantly inhibited wmor growth (P = 0.05) and also sen-
sitized the tumors to paclitaxe! treatment, so that the combina-
tian ‘of lonafariib plus paclitaxél was mioré cffective than lona-
farnib aloné (P = 0.06 for days 7 10 21; Refs. 22, 23). Onc
proposed explanation for the synergistic activity s that trear-
wient with FTT causes célls to accurnulate in the G,-M phase of
the el evele in which paclitaxel is most effective (21, 24).
‘The main objectives of this trial were to establish the
naximum tolerated dose (MTD) of lonafarnib, a novel FTI, in
combination with pactitaxel in patiets with solid tumors 4nd to
characterize the safery, tolerability, and dose-limiting toxic ef
feets of this combination in patients with advanced solid malig-
nancles. Furthermore, we particularly wanted to' see whether
diable responses conld be achieved in & variety of faxane-
sengitive wimdrs in patients previously tigated with taxanes,

Finally, we soughi 1o characierize the pharmacokinetics of

multiple-dase lanafarnib after its daily ofal administration’ and
of paclitakel cozdministered with daily lonafamib.

PATIENTS AND METHODS

‘We sought to estiblish the MTD and the dose-limiting
taxivity (DLT) of the lonafarnib/pactitaxel combination in adult
patients with solid tumors. Previously treated patients and un-
tredted patietits were allowed to prticipate’in the Study. Eligi-
“bility eriteria ‘included a Karnofsky performance status of at
least 70%, = histologically confirmed malignancy for whieh no
ciiritive treatment was available, measurable disease, and ade-
Guate hemdtological parameters [including @ WBC count
= 3,000/mm3, an absolute meutrophil count of 1,500/ul
(= 1.5 % 10°7ier). a platelet count = 100 X 10°iter, and a
hemoglobin level 2 10 g/dl]. Furtherniore, patiefits were re-
quired to have adequate renal function, with a serum ereatinine
Yevel = 1.5 times the upper limit of normal or a measured 12-h
«creatinine dlearance time of =50 m/min/1.73 m? Also manda-
‘tofy- were nbimal hepatic function (baseline transaminasé 16vels

=< 3 fimes the upper limit of normal, bilirubin = 2,0 mg/dl, and
athbamin = 3.0 gdh #nd n¢ manifestations of a dwldbsorption
syndmme An pauems ‘had 10 s:gn @ wrmen informed consent
Texas M. D. Anderson Cancer Centcr Patients - mmg agenits
that might alter the metabolism of lonafamlb via the CYP3A4
hopatic enzymatic system (such’ as azoles, macrolides, cyclos-
porin, systemic corticosteraids, estrogens, antisélzure drugs, 1i-
fampin, or isoniazid), or who had metasiases 1o the brain were
excluded from the study.

Patlents received lonafamib cépsules p.o. wwce daxly
(hi.d.) with food as 50-tag, 75-mg, and 100-rhg forninlations i

_combination with patlitaxe] administered 1.v. every 3 weeks at

135 mg/m® or 175 mg/m® pver 3 h (Fig. 2). Premedication
cotisisted of 20 mg i.v. dexamethasone and 8 mg of i.v, ondan-
setron. ‘

Statistical Methods. The dose-finding portion of the
trial was conducted in a group of patients with a variety of

different head and néck and ung cancers. The prindipdl scieh-

tific goal was to Qéteririine a MTD, defined s the dose level at
which the toxicity rate was closest to 20% and less than 33%
with at least 33% of patients experiencing dose-limiting toxic-
ities (DLT) at the next higher level. DLT ‘as defined as the
following: absotute neatrophil count < 500/p1 for longer than 5
days or with fever 2 38.3°C; grade 4 thmmbocympema (pmc-
lels < 25,000711) or anemia (Hb < 6.5 g/di); grade 34 nausca/
vomiting or grade 3 diarrhea’ despite optimal antiemetic or
antidiarrhcal teatinent: of any other grade 3 tréatment-rélatad
nonhematological toxicity; and trediment delay for toxicity Jast-
ing >2 weeks,

Associations berween pan‘s of variables were assessed 8-
ing the Fisher exact test, Kruskal-Wallis test, and Jonkheere-
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Fig. 2. Stdy design. Paticms beginlondfarnib 1 week before retelving
paclitixed, Recvaluation Gcurs after evéry thrée eycles of fredtient. i
pancms tiavé responsive’ or stable disease, they proceed on study. If
patients have progressive disease, :hey go off the smdy protosel. €7,
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Table ! Number of patiears and cycles by dose fevel of pactitaxe]
and fonzafamib in Phase § trial

No. of

Dase Paclitaxet Lonafarnib

Jevels (migfid®) {mg bid) Cycles  patieaty

1 135 50 0 0

2 133 100 1-9 3

10-15 2

16-32 1

3 175 100 1-3 9

4-6 6

7 5

8 4

9 2

10-11 1

34 175 125 i 5

: 23 6

46 5

7-8 4

9-16 3

1117 2

18-24 1

P 175 150 1-2 4

37 3

8 2

9-27 1

Terpstra test (25). Regression models of toxicity on the doses of
paclitaxel and fonafarnib, and the jndicator of prior chemother-
apy, weree fit u§ing cxact 1ogistic regression (26, 27). Confidence
intervals for probabltities of toxiclty at particular dose and prior
éhemotherapy combinations were computed by repeating the
exact 1ogistic regression on 1000 bootstrap samples of the data.

Al 'of the compitations weré ¢arfied ot using StarXact and

SAS Proc Logistic.

‘Pharmacokinetic Methods. Plasma lonafarnib and pa-
clitaxel coficentrations were determined using validated ligoid
chreniatography with tandem mass spectrometric detection and
the high-performance Tiquid ¢hromatography method, eypee-
tively. The lower limits of quantitation were 5.00 and 10.0 ng/mi
plasta for lonafatiib and paclitaxel, respectively, and the lingar
fanges were' 5.00-2500 nglml and 10.0-2500 ng/ml. respec-
tively, The assay precision (% coefficient of variation) and
sceurhcy (% Biasy were <11% and <10%, respectively, for
lonufutnith, and «9% and <6%, respertively, for paclitakel.
Noninterference from the respective coadministered drug was
deriionstrated for bath ‘of the lonafarnih and paclitaxel methods.

Blood samples (~3 m1j for determination of plasma Tona-
famnib and paclitaxe! coneentritions were collceted on day 1 of
Cycle 1. Plasina was separated by centrifugation {4°C, ~3000
spon for 15.min), then divided into two aliquots, and was stored
frozen at ~70°C uriti! shipped to the analytical facility.

Individun! plasma lonafarnib and pacluaxcl concentrations
were used for pharmiacokinétic analysis using model-indepen-
dent methods. The maximom plasma concentration (Cp,,) and
time of maximum plasma concentration (7,,,,J were the ob-
served values. The termiinal phase rate constant (K) was ¢alco-
lated as the negative of the slope of the log-finear terminal
portion of the plasma concentration-versus-time curve using

lincar regression. The terminal phase half-life, £, was calcu-

lated ds 0.693/K, The area under the plasma concentration-

versus-time éirve from time 0 to the time of final quantifiable
sample (A[!(”(,b) and from time 0 t6°12 h (AU(‘(O 12 ) Was
caleulated using the linear trapezoidal method. For paclitaxel,
t.hf: AUC(m was ettrapolatcd to mﬂnny when appmpnatc as

t:f Total body clesrance, CLAF Onnafamﬂ)) or C1L (pachtm.el),

was calculated by the following equation: CL/F = Dose/AUC.

“The apparent volurhe of distribiition, V&/F {lonafaemib) or Vd
{pactitaxel), was calciilated as: Vd/F =

{Dose/AUCYK.

For paclitaxel, the volume of distribution at steady ‘state,
Vdss, was estimated a8 fotal body clearance maltiplied by mean
sesidence timie (MRT).

RESULTS :
“Twenty-foirr patients with 2 tican age of 58.3 years were

entolled on'this Phase I stidy at the University of Texas M. D.

Anderson Cancer Center, ‘with the enrollment of new patients
beginning on June 16, 1999, and continuing through March 30,

2000. Twénty-one pancms dcraally rédsived both paclitaxel and

lonafamib (Table 1). Patients were predommantiy ridle (67%)
and Caucasian (92%), with Kamofsky performance status of 90
1o 100 (71%; Table 2). Slightly more than one-half of the
jratients had & primary diagnbsis of NSCLC.

Toxicities. Among all of the dose Tevels, 92% of p:mems
reported at least one toxicity at any grade and 54% of patients

1eported 4t least one grade 3/4 tredtrment-ediérgent noshemato-

logical adverse event judged to be related to the study drags,
The mbst comition tréatmenit-relatéd wEaimeit-erhergsnt nontie-
matological adverse events (including a1l grades) reported were
gastrointestinal effects in 92% of patients (diarrhea 92%, nausea

- 79%, voriting 50%, constipation 46%, stortiatitis 38%, abdom-

ind) pain 29%); famme (88%),. alopecia 83%), pmpheral feu-
ropathy (79%), arthralgia (71%), infections and infestations‘in
50% of patients: (follioulitis 38%, oral candidiasis 13%, pneu-

Tably 2 Paficiit demidpriphics dnd diséase charhetenisiics

Subjects (n) . 24
Age (¥0)

Médian 59.5

Riinge 41-75
Sex )

Meti - 16 (67%)
 Women B{33%)
Kamofsky performance stis: L

Missing 1 {4%)

70-85 6 (25%)

90-100 17(71%:)
Histology : ‘

NSCLC? 14 (58%)

Salivary 6 (25%)

HNSCC 4 17%)
Prior éhembotherapy (n = 21) 13

Prior taxane (0 = 21) - ]

aNSCLC, non-small cell lung cancer; HNSCC, head and neck
squamour cell carcinoma.
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Tuble 3 Nurmber of patients with severe (grade 3) or Hfe-threatening (grade 4) nonhemmotogm toxicities:

Dose fevel 2 (n = 3) Do

level 3{n=19) Dose level 3A (= ‘Pose lpvel 4 (n - 4)

Toxi¢ éffect Grade3  Orade4 Grade3  Graded  Grade d -Gx:aaje 4 Grade 3 Grade 4

Bronchitis 0 0 0 0 t b 0 0
Cardiac atrest 0 0 0 0 0 0 0 B|
Chest wall pain 0 0 1 0 0 0 0 0
Diarthea - 0 0 2 0 1 1 2 0
Dysphagia 0 0 i 0 0 0 0 0
Dyspnea 0 0 0 ] 1 0 0 U]
Fafigue/weakness 0 0 0 0 0 4 2 0
Hyperglveemia 0 0 K] 0 0 ¢ 1 0
Nenrapathy, peripheral 0 0 0 0 1 0 0 -0
Fever 0 0 1 0 0 0 0 Y
hiféctons (prautionia) 0 0 0 0 T (1] 0 ]
Neoplasis, benign and matignant 0 0 I 0 0 [} 0 0
Hypebilirubingmia 0 0 1 0 0 0 [4 0

Table 4 Number of patients with hemardlogical toxicities by dose level during the treatinent period

Dose level 2 Dose level 3 Diose level 3A°  Dosé level 4
Toxie effect All Gd” 3 Gd 4 Al Gd 3 Gd 4 All Gd 3 Gd 4 All Gd 3 Gd4
Neatroperia 0 0 0 2 0 1 2 ] 1 0 0 0
Leukapenia 1 1 0 4 1 1 3 1 0 1 1 ]
Anemia i 4 0 2 1 [} 3 0 0 2 0 9

“(3d, grade.

thonia BGR), réspiratory systern disorders (63%). anorexia (549%),
rash (469, weipht decrease (2090 dizziness (25%); fever,
blurred vision, liver and biliary system disorders, dehyﬂration
myalgia, dry skin (21% each). All other adverse events occurved
in fewer than 20% of paients. Grade 3 and grade 4 nonherma:
totogleal toxicities by dose leve! are listed in Table 3. _

Hematological toxicities occusred in 34% (13 of 24y of
patienits overall. Seven patlents (29%) had grade 3/4 hemato-
logical toxicities, Tuble 4 shows that any grade and grade 3/4
ariernia ocearred in 34% (8 of 24) and 4% (1 6f 24) of patients,
respeciively; any and grade 374 Jeukopenia occorred in 38% (9
of 24) and 21% (5 of 24) patients, respectively; and any dnd
grade 34 neutropenia oceurred in 17% (4 of 24) and 13% (Bof
24) of patients; respectively, Thramhocylopenia at any level was
not obsérved ih this stady.

Both hemarological and nonhernatblogical toxic éffects
were generally mild and were neither more common nor more
severe than those expeécted with paclitaxel. Patients had a
median of ore prior tregtment with 13 of 22 évaluable pa-
tients having had prior ¢hemotherapy including 9 who had a

prior taxane (Table 2). Seven of the 9 patients previously
treated with a taxane had disedse progression on or within 3
months of taxane-based therapy and 10 of 13 pretfeated
patients overall had progression of disease on or wuhm 3
rmonths of therapy.

Protocol-Defined DLTs. - Overall, seveh patients had
DLTs as defined by protocol. No DLTs were seen at dose Tevet
2. One patient at dose levél 3 had grade 3 bnlxmbmenna Wheit
the dose was escalated 10 level 4 (150 mg'b.id, lonafarnib and
175 mg/m* paclitaxel) two' of four patients had dose-limiting -
toxic effects in the first cvch: (oric grade 4 neutropenic fever,
one grade 4 diarthea). We then introduced dose Tevel 34 (125
mg bid. of lonafarib, 175 mg/m “of paclitdxel) to determine
whether an intermediate dose level would be rolerated. At this
dose, 1wo patients had grade: 4 diarthea in the first cygle. All of
the DLTs were feversitle on modification or cossation of tiéat-
ment. On the basis of analysis of all available safety data, it has
been determined that Tonafamib 100 mgb.i.d. and paclitaxe! 175
mg/m? is appropriate for further evaluation in patients with
NSCLC.

Table 3 Meéan {percentage coefticient of variation) pharmacokinetic parameters of londfarnib

Dose level 34 Dose level 4

Paramater i Dose level 2 Diose level 3
Cine® {ngfml) 760 (25) 960 (40) 1394 (35) 1267 (35)
Meidiah Ty, (h): range 5; 18 3, 0-10 8; 412 3 3-6
AUCy 1z, (gl 5550 (51) 8789 (32) 12803 (36) 15443 {NA)
'CUI' {mifmin) 364 (54) 207 (33) 181 (36) 165 (NA)
i (NE/ED) 286 (88y 524(51) o 8B3(3S) o 1010 (47)

? Conane MAXImurn plasma consenteation; Ty time of maximum pla*.ma conoentration: AUCy . yi,. the'urea under the. plasriia concentration ~

© versus = {ime carve from time 0 1o 12 h: CLJF, total Body clearancé (lonsfarnib); C,

e Iinifum plasma clearance,
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Fig. Mess (21 SD) plasria lonafarnib concentrations after mulfiple-

tase ol ddniinisirtion of lonafwnib in combination with single-dose
3-h Ly, infusion of paclitaxe! to patients with solid tumors,

Pharmacokinetics of Lerafarnib. Nincteen patients
had samples collected for pharmacokinetic evaluations: Lona-
farnib was slowly absorbed after ora) administration ‘With food.
‘Median T, ranged from 3 to 8 b (Table §; Fig. 3), Hall-life
{t1») €oirld not be estimated in this stidy because of the Tack of
adefinitive termina! phase in the plasma conéentration-versus-
time profiles after b.id. oral administration of lonafarnib with
food (see Fig. 3). Mean plasma lonafarnib concontrations at 12 4
after the dose were ~34-99% of the corresponding mean €y,
values, The mean toral’ body clearunce ranged from 165 1o 364
mifmin. The increases in lonafarnib AUC valués were dose-
reluted after oral administration of 100 mig, 125 g, and 150 mg
in coiibination with paclitaxel 175 mgfm?. After administration
of lonafarnib 100 g with pacdlitaxe! 175 mg/m? the mean
lonafarnih. €, and AUC values were higher than thiose with
pactitaxel 135 'mg/m®, However, given the variability of the'data
afid samiple sizé; the distribution of individual €, and AUC
values encompassed the safme range, fegardless of pactitaxel
dose (Fig, 4). The €y, and AUC values obtained in this trial
with lariafarnib 100 mg in combindtion with paclitaxe! were
similar to those ‘obuaitied in previous Phase I tridls in which
lonafarnih 100 myg was administered alone (Tuble 6 Refs.

28-30). Thus, these ohservations sugpest that a single dose of

either 135 mg/m® or 175 mg/m? of paclitaxel did not affect the
pharmacokinetics of lonafurnfh.

Phaeinacekinetics of Paclitaxel.  Plasma paclitaxe! ¢on-
centeations (Crie 800 AUC) were similar among the dose
groups for paclitaxel 175 mg/m® with lonafarnib 100 mg, 125
mg,and 150 mg (Teble 7. Figs. 5 and 6). There appear 10 be no
effects on paclitaxel pharmacokinetics it a dose of 175 mg/m®
paclitaxel when the lonafamib dose is increased from 100 mg to
150 . The refationships between dose and pactitagel Coie
AUC vihues were disproportionate afier the adininistration ‘cf
paclitaxel 135 my/m® and 175 mg/m? in combination with
lonafarnib 100 mg; a 30% inerease in paclitaxel dose resitlted in
an increase of ~74% in Cpy,, and ~87% in AUC. This finding
provided additional evidence for the nonlinear disposition for
paclitazél. a5 noted previously (31y.

Plasma paclitaxe! concentrations decreased rapidly im-

mediatély ‘afier cessation of the 3-h infusron. which was
followed by a ‘prolonged terminal phase (sec Fig. $). The
mean terminal elimination 1, 5 'of paclitaxe] ranged from 12 to
19 h when blood samples were collected up to 48 h pastdose
for the first 17 patients. The mean 1;,, was ~6 h when blood
samples were collected up to 24 h postdose for patients

48-24 (see Table 7). The 6-h half-life was similar to that

reported in the literature (31). ‘The Cpyuy 408 AUC valies
obtained in this study were similar to those pre\f fously re-
ported when' paclitaxel was givett alone d5'a 3-h v, infusion
(Table §; Ref. 31).

Clinical Activity, The median number of treatmnt
cycles on trial was eipht, with '‘a median of séven eycles
containing paclitaxel. Activity was seéh at the four Qose
Jevels studied (2, 3, 3A, and 4). Nine responises were durable,
which we defined as a response detected at three or six cycles
anid confirmed at six or eight cycles, with median response
duration of 6 morths (range, 4—14 months). Most prisvoca-
tively, we saw me:mmgful responses in three patients who
had recéived prior taxane-based therapy, -ncluding two
of five NSCLC patients who met the standard definition
of taxane resistance (progression’ o6 o ‘within -3 irioniths
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Fig. 4 Individual and mean (£1 $D) Cpe (A) and AUC,. 15 o, values
8) of lonafarnib afier multiple-dosc-oral administration of lanafarnib fn
combination with single-dose 3-h 7.v. infusicn of paclitaxe! o patients
with solid tutnioss.
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Tuble 6 Mean (cofficierit of variation) pharmacokinetic parameters of lonafarnib afier multiple-dase admifistdtion of lonafarnib 100 mg alone
(previous Phase 1 studiss) or'in combination with pactitaxe! (this study) i

Study Dose n . Cax” (ngfml) AUCy i3 (ogh/m?)
This study 100 '+ 135* 3 760 (25) 5550 (513
This study 100 + 175 8 960 (40) 87894 (32)
Eskens ef al# 100" 3 942 (58) _ 7299 (75)
Adjel er al! ‘ 100 { 1680 (NA) 18205 (RA)
Hurwitz et al# 100 2 784 (NA) , CoL 6221 (NAY

* C e Miaximtit plasma concentration: AUC, 5. the area under the plasma concentration - #érsuy - ime curve fror time 0 to 12 h: NA, not
appropriste (sample size < 3), .
B “‘Lnnéxf’pr’nib dose {mg) + pactitaxe! dose (mg/m?).

Tn=6

Ref. 34 '

“* Lonafarnib slone dose (mg),

SRef. 32,

#Ref. 33,

Tuble 7 Mean (percentage coefficient of variation) pharmacokinetic parameters of packitizel
Faramiter Dose level 2 . ‘Doselevel 3 . Dose lévl 35 Dose lovel 4

Coies™ (o) 1037 (19 3368 (55) 4258 (43) 3515 (38)
AUC,, {6gh/nil) 9936 (7) 18563 (40) 17526 (38) 17634 (23)
b () T 1860123 133(9) 5.62(15) 12.1 4
CL {mimin/in®) 07| 182¢43) 183 (33) 171(19)
Y Qeitm®) 365(hH 211 (47) 88.1(35) v 174 9)
Vidss (liter/m®) 130 {16) 80,6 (54) 40.2¢47) 669 (12)

' C s MAXIMIIT plaisma concentration; AUC,. area under the plasma conicentration - versus - fime eurve frm fime  to the final quantifiable
suraple extrapoluted 16 infinity; ¢y, terminal phase half-life; €1, toril body clearance: Vd, volume of distributions; Vilss, the volume of distribution
at steady state. : .

10003 squamons ¢ell carcinoma, 1wo of the thrée patierits had a partial
: response, and the orfe patient with & sativary  glarid tumor had
prolonged disease stabilization and was treated for 30 eycles
before disease progression. No significant assoctations were
poted between response after three cycles or after six cyeles dnd
the dose of either lonafarnib (P = 0.81, P = 0,70, respetiively)
or paclitaxel (P = 0.19, P = 0.32, respectively). —

R e e e e ]
¢ 4 8 12 ¥ W M2 58 0 M 8 &
Fig. 5 Meoan plasma paclitaxe] concentrations after single-dose 3-h iy,
infusion of paclitaxe! in combination with muhiplé-dose oral admiinis-

wation of lonafarnih 1 patients with solid fumors. ¥

A1)

of taxane therapy). Only 4 of 21 patients had progressive

disease by ¢ytle 3, although al) 21 patients had manifested

disease progression within 3 months of study enrollment. 1060
Atthe cycle-3 assessment interval, 7 patients demoristrated 4

a partial responise, 10 had mibor responses or stable disease, and o 3 pa — 3

4 had progressive ‘disease (Table 9). Six of 7 responses were " Diosk Laivd

confirmed after six cycles. When total responsés achieved on o & Tndividu i P €. yaluos of paclitas

study were examined, 6 (S0%) of the 12 patients with NSCLC . qacic dose 3. . Siton o pachince e i wopiaset afe

chieved a partial responge. In the setting of head and neck  dose ofl sdministation of lonafariib 1o patients with solid numors.
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Table 8 Mean (coefficient of vnﬁ’n‘tian) pharmacokinetic parénwtcrs of paclitaxel after 3-h L.v. infusion of pactitaxel 135 mg/n® or 175 mp/m?
in combination with tultiple-dose lonafanifb 100 mg bid., 125 mg bld,, or 150 mg bi.d. {this study) or alome (previously reported study)

Dose Study i Ciniee (ng/ml) AUC,, (nghlmly . CLAmini/m®)

135 This study 3 1937 (19) 9936 (7) 227.8)
Gianril ef al.” 4 2818(12) 9308 (10) S 24709)

175 This study 16 3627 (46) 183007 (34) B a7
Giani ef al.* 3 5038 (15) 15797 (16) _ 190 (16)

* Copaie Maximum plasma coneentration: AUC,, area under the plasmia ¢oncentration - versis - timé euvVe from time 0 to the final quantifiable

sample extrapolated to infinity; CL, total body clearance.
P Ref. 35.
e 18,

DISCUSSION

Other than the occasionally dose-limiting side effect 6f
diurvhea, Tonafarhib did not seem to contribute any significant
side effects to those catsed by paclitaxel. Patients with previous
chemothierapy had & higher risk of toxicity. The substaritial
overlap 6f the eight 90% confidence intervals is due in large part
to the xmall sample size (n = 21 evaluable patients). The only
discerable trend with dose is an incredse in the upper confi-
dence Jimiv with increasing toral combined dose. Seven of the
elght confidence intervals contain the targeted 30% toxicity rate.
More precise estimates of the probability of toxicity would
necessitate o larger sample size. The MTDs of lonafarnib and
paclitaxe! in this trial were Tower than the doses recommended
for either agent alone, The MTD of lonafarnib alone was deter-
mined to be 200 mg bi.d. DLTs in studies of lonafarnib-alane
were: generdlly similar to those seen in this trial and included

reversible renal insufficiency (elevated creatinine levels), gas-

frointestingl symptoms (diarrhea, nauses, vomiting, anorexia),
and hematolagical woxicities. Phase 1 studies of paclitaxel have
demonstiated an MTD of 200 mg/m® for a single continuous
infusion v, vegimen. Myelosuppression 4fid neurotoxicity are

the primary DLTs of paclitacel. Severe allergic reactions and
skin rash associated with the vehiele (crentaphor EL) hecessitate
pretreatment with dexamethasone, diphenhydramine, and dirse-
tidine of rariitidiite. ‘ L o

No pharmacokinetic evidence was observed that either
paclitaxel or lonafarnib erthanced the nietabolism of the other
agent. The pharmacokitietic values suggest that areas under the
curve of both drugs were actileved in the active range. The target
exposure for lonafaralb In dlinical studies was to maldain
prédose concentration ‘in the range of 1-1,5 jtM based on the
concentration reqaired to 1ihibit anchorage-independent growth
of a series of human tumor cell lines.

We saw encouraging clinical etivity in this Phase T study
of combined pictitaxel and lonafarnib, confirming the preclin-
ical activity previously feported for this combination (13, 20,22,
32-34), Severdl Phase 1 studies of faresyltansferase inhibitors
have now been published (28-30, 35-39). Before this study, a
fotal of two responses have been documenited (one each with
tipifarhib and lonafamib) in previously treated patients with
NSCLC (29, 36). Thic sctivity mériifested With this protocol
using fairly moderate doses of londfarnib and paclitaxel is niore

Table 9 “Clinical activity of fonafernib in combination with paclitaxel

After 3 Cycles
Partial response
Mirior tesphise
Btable disease
Progressive disease
‘Not assessed

Median rio, of total eyeles on study:
~Median fdo. of pactiraxe colrses on study:

Afier 6 (09 Cytles

Partfa! response

Minor response

Stable diseass

Propressive disease

Not ussessed

Median no. of total eyeles on study:

Mediad no. of pactitaxel courses on study:
Any response by hiswology

NSCLCT

HNSCC

Salivary

7 patients (3 previously tieated with taxanes)

3 patients o

T {4 previously treated with taxanes)

# (2 previously treatéd with taxatiés) .

3 (1 did miot tolerate lonafarhib ut 125 mg bild)

£ (range, 2-30)
7 {range; 2-30)

8 patients (3 previously ireated with taxanes)
2 patients ‘

6 (4 previcusly treated with takanes)

2 (2 previousty treated with nivancs)

3 ;

8 (range, 2-30%
7 (range, 2-30)

3 patients (2 PR, 1 8iD)
6 patients (1 PR, 4 §113, 1 PD)

12 paticnts (6 PR, 3 MR or $tD, 5 D)

¥ NSCLC, nori-small cell ling eaficer: PR, partial response; MR, minor vesponse; StD, stable disetse; PD, progtessive disease; HNSCC, head

and nevk squamots cell carcinoma.

* Five patierits (ali NSCLC) were considered taxanc-refractory/resistant, PRs were' seen in 2 of § Taxae-refractaryfreststait NSCLE patients.
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substantial. It js particularly heartening because linle if any

evidente exists w support the efficacy of paclitaxel as a second-
linc’ agent when administered as a 3-h infusion on a 3-wesk
eycle (40-44).

The éxteént of disease stabilization that our trial revealed
with this regimen was dramatic in an’ extensivély pretreated
héxa.mgcnmuq patient population with progressive disedse 4t the
timé of study enrollment. Recent evidence suggests that the

stabilization of NSCLC may 18ad to clinically meaningful sur-
vival benefits.

In eonclusion, this is the first reported clinical study of the
conthination of a taxane with a farsesyltransferase inhibitar in
human solid wmors. Phase 1T t5als of the combination as first-
Jine and second-line therapy of stage 11T and TV NSCLC are
ongoing (o confirm or refute our data-driven hypothesis,
namely, that lonafarnib may enhance taxane sensitivity and
passihly overcome clinical taxane resistance in solid tumors.
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Increased Uptake of Liposomal-DNA Complexes by Lung
~ Metastases Following Intravenous Administration
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We have investigated the effects of an improved liposomal formulation (extruded DDTAP
cholestero! (DOTAP:Chol)-DNA complex) on transgene expression in tumor cells and normal cells
of murine and human orlgin both in vitro and In vivo. In vitro, transgene expression was signifi-
canitly Increased (P = 0.07) in human tumor cells compared to normal human cells. The increased
transgene expression'was due to Increased uptake of the liposome-DNA complex by tumor cell
phagocytosis. Furthermore, immunohistochemical analysls demonstrated a greater transgene
expréssion In lurig tumors than In surrounding normal tissues. Increased transgene expression
due to énhanced uptake of the liposome-DNA complexes by tumor cells in vivo was also deman-
strated using fluorescently labeled DOTAP:Cho! liposomes. Finally, evaluation of lung tissue
explants obtained from patients undergolng pulmonary resection demonistrated significantly
~ higher (P = 0.001) transgene expression in tumor cells than in normal cells. Thus, we demon-
strated that intravenous injection of DOTAP:Chiol-DNA' cormplex results in Increased transgene
expression in tumor and is due to Increased phagocytosis of the complexes by turior cells.

Key Words: liposomme, gene therapy, phagocytosis, cancer, metastasis

INTRODUCTION
Progression of cancer is a multistep process in which the
disease eventually becomes disseminated. Current treat-
merits for disseminated tumors have had limited success
because of treatment-related foxicity. A new alternative
treatitient strategy for canicer is gene therapy, which has
shown promise in ¢linteal trials [1-6]. This approach has,
however, been limited to the treatment of locotegional
disease because of the lack of a vector that can efficiently
and selectively deliver genes systemxcally

An alternative to adenoviral vectors is nonviral liposo-
mal delivery systems that can be administered intrave-
nously with limited vector-associated toxicity, resulting

in higher transgene expression, especially in the lungé [7].

The development of efficlent nonviral vectors that, when
injected Systemically, éan sélectively deliver therapeutic
genes to tumors will provide niovél therapeutic options for
the treatment of cancer. Tumor targeting using tumor-
specific promoters, attachinerit of ligands to the liposome
surface, and pegylation of liposomes has been tested pre-
viously [8-16]. Although some degree of tumor targeting

has been demonstrated using these targeted dehvery sy&

‘téras, the level of transgene expression is often decreased.

Recerit studies have demonstrated that liposome-DNA
complexes elicit an inflamitiatory résponse when injected
systemically, resulting in suppression of transgene éxpres-
sion [17-22]. Furthermore, failure to achieve increased or
sustained gene éxpression following repedted injections
has been ariother major obstacle in the development of
therapeutic appkcahons of liposames [18,23],

‘We recently showed that extruded cationic liposome
(DOTAP:cholesterol, or DOTAP:Chol)-DNA complexes
can achieve effective levels of transgene expression in
tumor-bearing tungs and, when injected thtravenously,
can cure immunocompetent mice with disseminated éx-
perimental metastases, with minimal toxicity [24]. In the
same study, we also showed that repeated daily infections
resultéd ina dose-dependent inictéase in frarisgene expres-
sion in tumor-bearing Jungs. The unexpected curative
potential of these complexes for disseminated disease and
the apparent high Jevels of theif expression in tumors
ralsed an important question: were these effects diie to
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increased expression of thé transgene in tumor cells or
due to increased uptake of the liposomes by tumor célls
compared to surrounding normal cells?

In the study presented here, we demonstrate that in-
travenous injecﬂon of DOTAP:Chol liposome-DNA com-
plexes in vivo resulis in sigmﬁcanﬂy higher transgene
expression in lung tumor cells than in normal cells and
that this increased expression is due to increased uptake
of these liposome-DNA complekes by tumor célls. Fur-
thermore, transgene expression is demonstrated to be sig-
nificantly higher in primary human lung tumor explants
than in normal ceélls. Thus, utilizing the inhérent property
of tumor cells for incréased liposomal-DNA complex up-
take, effective delivery of therapeutic genes to the tumor
can be achieved following systemic delivery.

ResuLts

Cell Viability and Luciferase (Juc) Gene Expression in
Liposome-DNA Complex-Transfected Normal and
Tumor Cells o
‘We transfected normal human lung fibroblasts (WI38,
MRC9), normal human bronchial epithelial cells (NHBE),
human Jung tumor cells (A549, H1299, H358, H322, and
H460), murine fibroblasts (NIH/3T3, 10T1/2), anid murine
fibrosatcoma’ cells (UV2237m, K1735) all with DOTAD;
Chol-luc DNA complex (Fig. 1), Detérmination of vell
viability at 24 and 48 h after transfection demonstrated
no sigriificant toxicity in any of the cell lines tested (Fig.
1A). To detérmine whether differences existed in trans-
gene expression between normal and turhor cells, we as-
sayed transfected cells for luc activity. huc expression was 2

to 4 logs greater (P = 0.01) in human tumor cells com-

pared to niormal cells of hurian origin (Fig. 1B). However,
Jue expression in murine tumor cells was only 2-to 2
-fold greater compared to riormal célls (P = 0.04; Fig.
1B).

In Vitro Uptake of Liposomeé-DNA Comiplex

Analysis of the liposome-DNA complex uptake in human’

fumor cells relative to normal human cells by fluores:
tence microscopy and flow cytometry revealed increased
uptake in tumor cells compared to normal cells (Fig. 2).
However, increased uptake of liposome~DNA complex
was also observed in endothelial celis (HUVEC). The dif-
ference in the uptake of the hpasome camplex by these
cells corfélated with luciferase expression (Fig. 2)

Role of Phagocytic and Pindeytic Activity in the
Uptake of Liposomé-DNA Complex by Tumot Cells
We transfected tumor cells (H1299) with fluorescenitly
labeled DOTAP:Chol-Jur DNA complex (Figs. 3B and 3C)

and positivély charged 2-pm fluorescent latex micro-

spheres (Fig. 3A) with or without cytochalasin B, an in-

hxbitor of phagocytosis and pmor:ytosxs, and csbserved
them tinder a fluorescence microscope using a fluorescein
ot a rhodatiing filtet, Tumor cells transfected in the ab-
sence of ¢ytochalasin B showéd greater puinctate flucres-
cence in the cytoplasm, indicating greater uptake of the
liposome-DNA complex (Fig. 3B). In contrast, liposome-
DNA complex uptake was blocked in cells transfected in
the presence of the drug. Hoechst staining revealed pres-
ence of intact nucleus in the cells that were untreated or
treated with cytochalasin B. ~

‘Uptake of Liposome-DNA Complex by Tuimor Cells
In Vivo

We irijected UV2237m lung-turor-beating C3H/Ner
mice with fluorésééntly labéled DOTAP:Chol-Iuc DNA
complex (50 pg DNA) via a tail vein, Animals receving no
treatment served as controls. We euthanized the animals
at 24 h after Injection, harvested their'lungs, and prepared
cryosections. Exarnination of tissue sections under fluo-
réscence microscopy revealed intense fluorescence by tu:
mor cells compated to surrounding fotral ¢ells (Fig. 4D).
Minimal fluorescence was observed in controls (Fig. 4B),
Farther confirmation that the observed intense fluores-
cente was indeed from tumor t€lls was obtained by ex-
amining a hemiatoxylin-stiinied serial tissue section under
bnght field microscopy (Figs. 4A and 4C)

‘To confirm further that the increased uptake of the
Tiposome-DNA complex by tumor cells also resulted in
increased transgene expression, we stained tissue sections
for luciferaseé protein by immunohistochemical tech-
niqtie. Protein expression was gréaterin turnor cglls (Fig.
4E) thanin surroundmg normal cells (Fig. 4H), indicating
that tumor cells were the primary source of the observed

‘hic éxpression. Furtherrnore, we obseérved Juc expression

10 be higher in tumor-bearing lurg tissue (Fig. 4E) than in
the non-tumor-bearing tung tissue (Fig. 4G). A lung tissue
séction from a tumor-bearing animal receiving 1o treat-
nient served as negative control (Fig. 4F). Additional con-
trols included tissues stained with secondary antibody
alone (Fig. 41). Sequuanﬁtaﬁve analysis demonstrated a
s:gniﬁc ant (P = 0.01) increase in luciferase protein expres-

stont as indicated by the brown staining in the tumor
tisshe area compared t0 Surrounding niormial fissde area

'(Fxg 4]).

u_nique to UVZ,Z?,«m ]ung tpmors, we performed s}milar

experiments in nude mice bearing human A549 lung tu-

mors. We injected the animals with DOTAP:Chol-Inc
DNA complex 2 or 3 weeks after tumor cell injection. The
tumor load at 2 weeks is less and the tumors are small
compared to tumor load and size at'3 weeks (data ot
shown). Inimunohistochémical analysis of lung tissues
24 h after injection of liposome-DNA complex demori-
strated increased Tuctferase expression {P = 0. Ol) in ta-
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FIG. 1. Effect of liposome-DNA complex transfection ‘on cell viablity and ke exprossion In futmor cells aad norimal catts; Célls amalyzed were huran fiing tumar-cells
{41299, H348, HA60, AS49), norma! Tuny fibroblast cells (Wi38, CCD-16; MRC-9), ricrma) brovichial epithefial cells (NHBE), human umiblfical visin endothalial cells
{HUVEC), murine fibroblasts (373, 10T1/2), arid maring fibresaredma (UV2237m, K1735) calls. Cells (S % 10% were either niot transfected {coritrol) oF tyansféctad with
DOTAP:Chol-luc DNA complex and harvested at 24 arid 48 h after transfection and arialyzed for cell viability by trypac exclusionassay (A) and fof 16t 3ctvity teing 4
Juctferase assay kit (B). No sigrificant to¥icity was Gbsérved in transfected timor and normal cells of both human and murine origin comparel 1o tintransfectéd ofitrs]
calls ¢AY, fue expression was igher in both human tuiicF celi§ (P = 0.01) arid iurse Tumor cells (P = 0.04) compared to norrial cells (8. e activity was exprissed
&s nanagrams per mrilligfarm of total protein. Each time point represenits the mean of triplicate wells, Error bars represent standard errars. ) )

-

mors compared to surrounding normal tissues (Figs. SA  tumior$ and in hings that had large tumors, These results

-and 5B). Furthermore, we observed increased luciferase indicate that increased uptake of liposarme-DNA complex

expression in the tumor Hissue in langs that had small by tumior cells is not dépendent on the tumor size or load.

Monecuan Theravy Vol 7, No: 3, March 2003 411
Copyight B The American Soclery of Gene Therapy - T



d01:10.1016/51525:0016{03)00004-2

Comparison of hie Expression in Alveolar
Macrophages, Tumot—Bcﬁring Lungs, and
Non-Tumbor-Bearing Lungs

We transfected alveolar macrophages isolated from
UV2237m lung-titior-bearing mice and non-tumot-bear-
ing animals with DOTAP:Chol-fic complex and com-
pared them to UV2237m tumor célls, which served as
positive control. We determined Iuc expression 24 h after
transfection. luc expression was significantly lower (P =
0.0001) In alveolar mactophages isolated from tumor-
bearing animals than in alveclar macrophages from non:
tumor-bearing animals’ (Fig. 6A). To eliminate the possi-
bility that the differenice In lu¢iferase expression was due
to cytotoxicity, gell viability assay was performed after
transfection with DOTAP: Chol-lu¢ DNA comiplex. No sig-
nificant diffetence in cytotoxicity was observed between
macrophages isolated from tumor-bearing animals and
those isclated from non-tumor-bearing animals (Fig. 68).
Furthermore, ‘analysis for luciferase éxpression in tumor-
bearing and non:-tumor-bearing lungs from which the
alveolar macrophages were isolated demonstrated no sig-

nificant difference in the expression levels (Fig. 6C). These’

restifts indicate that alveolar macrophages from lung-tu-
mor-bearing animals are less ‘transfectable than those
from non-tumor-bearing animals.

In Vitro Comparison of luc Expression of Tuimor Cells

and Normal Célls Isolated from Primary Human
Lung Tumor Explants

To determine whether differences in transgene exprés-
sion also occurred in primary human lung tumor cells

. and nornial cells, we obtairied Tung tissue explants from
‘patients’ undergomg pitlmondry résection for primary

non-small-cell lung cancer. Tissue explants were con-
firmed as tumor or normal by histopathological analy-
sis. Tumors were classified as poorly to moderately dif-
ferentiated adenocarcinoma while normal pulmonary
tissue comprised prinfarily fibroblasts. Cells isolated
from normal and turnor tissue explants were tidns-
fected with DOTAP:Chol-huc DNA complex, ‘and Iuc
expression was detérmined 24 h after transfection. We
observed significantly higher lic expression (P = 0.001)
in tumor cells (2 = 0.1 ng/mg protein) than in normal
cells (0.06 * 0.02 ng/mg protein), a finding consistent

with those tn established cultures of turnor and normal
cells reported abave.

Discussion

We recently dertionstrated that very high levels of trans:
gene expression can be achieved in tumor-bearing lungs
when an extruded DOTADP:cholesterol-DNA complex is
injected Intravendusly into both immunodeficient and
Immunocompetent antmals and that this treatment has
minimal toxicity {24]. In that study, repeated daily fail
vein injections resulted in dose-dependent increases in

transgene expression in lung-tumor-bearing antmals and
successfully curéd one-third of mice with disseminited
experimental metastases in a human xenograft model.
The curative potential for disseminated disease and the
apparent high levels of transgene expression in tumors
were unexpected. One possibility for this 6bserved thera-
peutic effect is that the uptake of lipbsome-DNA com-
Plexes by tumor cells and normal cells is the same, but
tumor cells express the transgene moré efficiently than
normal cells. The second possibihty s that the uptake of
the complexes is increased in tumior célls over norial
cells, which leads to highet expression levels of the trans-
gene in the tumors. In the study preserited here, we in-
vestigated the effects of the extruded DOTAP:Chol lipo-
some-DNA cotuplex on transgéne expression in lung
tumors and ‘their surrounding normal tissués 45 well as
the underlying mechanism both i vitro and in vivo.
Preliminary in vitro studies using tumor cells, normal
fibroblasts, and éndothelial cells of both murine and hu-
man origin demanstrated the DOTAP:Chol-lie DNA coni-
plex to be nontoxic to these cells. Analysts of these cells
for transgene expression demonstrated incréased huc ex-
pression in tumar célls over normal cells except endothe-
lial cells. It is posﬁble that the obsetved difference in
transgene expression is due to differences in cellular pro-
liferation rates between timor and normal cells {30].
However, the differences observed in the present study
cantiot be attributed to cellular proliferation since the rate
of proliferation of the different cell types vsed in the -
present study were similar except for NHBE and HUVEC
{data niot shown). The observed differencein transgene
expréssion between turor célls and normal cells might be
due to any of several other known mechanisms, including
differences in cell surface charge, phagocytic activity, en-

vdonyﬁc activity, endosomal release, nuclear uptake, and

transciiptional activity [31-36].
Ori the basis of these known differerices, we stidied the

‘uptake of liposome-DNA complexes by normal and tu-

mor cells using fluorescently labeled DOTAPChol lipo-
sormé, Turnor célls had increased uptake of the llposome—
DNA complexes ‘over normal cells that cotrelated with
increased luciferase activity Surprisingly, endothelial
cells also demonstrated increased uptake and expression.

Sinice similar levels of luciferase activity were observed in
tumor cells transfected with unlabeled DOTAP:CHol- and
fluorescently labeled DOTAP:Chol-DNA comiplex, in-
cieased uptake cannot be atttibuted to the use of fluores-
cent Hpid (data niot shown), To identify the processes that
mediate increased uptake of lxposome-DNA complex by
tumior cells, we examined surface charge using cationized

ferritin, which attaches to the ¢ell stitface &s a furiétion of

surface charge [37,38). No significant differerice was 6b-
served in the percentdge binding of cationized ferrifin to
both tumor cells and NHBE and it did riot correlate with
the luciferase activity (data not shown) However, the
increased uptake of liposome-DNA complex was observed
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FIC. 2. incraased uptake of fiposome-DNA compiex by
tumer cells, Tumor cells (H1299, AS49, HA60), ormial
cells (WI38, MRC-9, CCD-165, and endothelial célls
(HUVEC) were transferted with flucrescently labeled
DOTAP:Chol-DNA complex. Cells weie analyzed for
liposome-DINA tomplex uptake by flusrescence inl-
eroscopy and flow cyrometry and for huciferase expres-
sion by luminometer, Incréased Uptake Was sbierved
in tumor cells and In endothielial cells compared to
norma! cells, ‘Increased uptake by tummor cetls ahd
HUVEC coreelated with inzeeased uciferase expression.

fuclferase expression Is expressed a5 nanograms per
riltigramn of protein.

to be due to the phagocytic activity of the tumor cefls
since uptake was Inhibited in the presence of cytochalasin
B, ant inhibitor of phagocytosts and pinocytosis. The abil-
ity of tumor cells to exhibit phagocytic activity is not
surprising and is well documented [39). Howéver, gréater
phagocytic activity by turor cells than by ricrmal phago-
cyticand nc’mphagotync cells treated with this liposome-
DNA formulation has not been previously reported.

To explore further whether a similar phénomenon oc-
cutred b1 vivo, murine syngeneic lung-tumor-bearing an-
imals were injected with the fiuoréscent liposorie-DNA
comptex. They revealed increased uptake In the tumor
cells compared to the surrounding normal cells, Further-

- more, the increased uptake by tuniors in vivo correlated
with increased luciferase’ expression as demonstrated by
Ammunohistochemical studies. Increased uptake of cat-
ionic liposome-DNA cormplexes by tumor cells in vivo
following systemic delivery has been reported previously,
consistent with the present report [40-43]. However, pre-
vious studies have atiribtted increased uptake of lipo-
some-DNA complexes to lesky vasculature in the tumors,
‘On the basis of our results, we believe that in addition to

the presence of leaky vasculature iri the tumors, increased
phagocytic activity of the tumor cells is responsible for
the observed incredsed uptake of DOTAP:Chol-DINA com-
plex by tumor cells in vivo. Transgene expression in vari-
ous other organs examined was very low {data not
shown). I’urthermorv, real-time PCR amhms demon-
 strated low copy numbers of plasmiid DNA in the liver,
spleen, and ovarles compared to the lung (data not
shown), suggesting that Tung is the primary target for the
intravenously injected DOTAP:Chol-DNA complex. This
obsérvition Is in agreement with previously puiblished
reports [7,24]. However, in the présence of tumorts in the

Tutvar eolls
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FIG. 3. tncreased uptake of liposorme-BNA comiplex by tumor tells is éius to phago-
cytosis, Tumor cells (H1299) were transfected With 2 jun fluréstent microsphens | {A)
atfluotescently labeled DOTAP-Chok-kie DNA complex (8) In thie présericé of abisshee

-of cytochalasin B, C;Aochaiasln 8, aninhibitor of phagocytods, Intibited uptake of

fluiorescently labeled DIOTAP:Chol-uc DNA complex by turmor cells {origlial magni:
ficaticn 3 200). Hoechst stalning of cells Indcates Intact nucleus (C)
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HIG. 6. Comparison of lue expresslon In alveolar macrophages isolated from tumior-bearing and non-tumor- bedring anfrals, Alvediar micraphages sokited from
UV2237m lun-turior-bearing and non-tumor-bearing animals were transfected with DOTAP:-Chol-luc DNA' complex and analyzed for luc expression 24 h after
trarisfection, fut expression was stgnificantly (P'= 0.001) bigher In macrophages isclated from non:tumior:bearing anintals comparad to those frot tumor-
bearing animals (A). Tell vigbllity assay Indlcated no significant difference In' protiferaticn between faciophiages isolated from tumorbearing animals and thase
sclated from non~tumcr~bcarmg animals (8). Analyiis of fungs - for ke expression dernristrited ho sigrifficant’ differerice’ batween tumorbearing and
non-tumor-bearing antmals (). e activity was expressed as nanograms per milligram of totel proteln. Experiments were daig in triplicate and bars denote

standard error.

lungs, incréased uptake o€crs A the tumors conipared to

“the surrounding normal lung tissue. We next evaluated
" Wheéther incréased uptike of liposome-DNA complex is
‘unique to murine tumors or is'a generalized phenomenon
that can observed with other tumors. Increased expres-
siort In humari A549 lung tumors wis ¢bserved compared
to surrounding normal cells. Furthermore, the incrédsed
uptake of liposome-DNA complex was observed in hungs
that had small tumors as'well a¥ in hungs that had large
tumors, indicating that tumor size and number of tumors
wére not factors.

Additional eviderice for Increased uptake of the lipo-
some-DNA complex by tumor cells was obtained from
transmission electron ‘microscope §tudies (data not
shown). One argument that'can bé made from our in vivo

résults is- that alveolar macrophages, which are also
phagocytic, miiist phagocytose the injected comiplexes as
efficiently as the tumor cells. Transfection of alveolar
macrophages isolated from lung-tumor-bearing animals
with DOTAP:Chol-luc DNA complex i vitro yielded sig-
nificantly lower luc éxpréssion than transfection of mac-
fophdges front nori-tunior-bearing ariinials, The findings
preserited in the present. study contrast with previous
reports ‘demonstrating liposome-DNA complex to be a
major targeét for macrophages dnd the reticuloendothelial
system [44,45). However, one major difference betwéen
our study and others is that we performed our exper-
ments in tumor-bearing animials, while previously re-
ported studies were based on ‘experiments conducted in
animdls without tufmors [44,45]. g

i
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To test whether the pathophysiological state of the
animal was important for normal functions of the mac-
rophage, we conducted a separate but parallel set of ex-
periments in which alveolar macrophages isolated from
animals withott tumors were transfected with DOTAP:
Chol-luc DNA complex. Iuc expréssion was extremely sig-
nificantly higher in macrophages from non-tumor-bear-
ing compared to macrophages from tumor-beating
animals. One posstbility for this difference is that the
-alveolar macrophages present in the tumor microenviron-
ment are less phagocytxc or are inactivated by factors
produced by the tiimor cells. Inactivation of macrophages
in the tumor microenvironment has been previously
demonstrated [46-48]. In fact alveolar macrophages from
tumor-bearing animals were obseived to be functionally
inactive as indicated by stimulation assays (unpublished
data).

Finally, increased uptake of liposome-DNA comiplex
-was demionstrated by transfecting primary tumor cells of
poorty to maderately differentiated adenocarcinoma type
and normal cells. Increased i expression was observed in
tumor ‘cetls compared to normal cells. The observation
that tumor cells of poorly differentiated origin expressed
Iuc at greater Tevels fits well with the findings of Matsui et
dl. [28], who showed that poorly differentiated airway
epithelial cells phagocytose liposarne-DNA comiplex
:more effectively, resulting in higher levels of transgene
-expression than in well-differentiated cells. Thus, trans-
fection of primary tumor cells from tissue explants using
DOTAP:Chicl-DNA complex has beén shown for the first
time and supports our findings in éstablished turmor cell
lities.

Although the present study demonstrates that in-
creased uptake of liposome-DNA complexes by tumor
.célls over surrounding normal cells 15 due to increased
phagocytosis, it is also possible that other factors such as
endosomal release, niiclear uptake, and incredsed tran-
seription, may play a role. Further ‘examination of these
‘Individual phenpmena may help give a better under-
standing of the ndetlying differences between tumor
and normal cells and in the developmient of an effective
gene delivery vector, However, a note of catition is that
the experimental metastases model used in the present
study, although performed in such a way that the lung
metastases are established, has limitations. 1t does not
recaplitulate the full sequence of events (from premalig-
nancy to Invasion and metastases) that primary tumors
undergo. These cancer cells may undergo additional
‘changes. Thus it may not be predictive of the responses of
these tundors fo a systemically delivered gene therapy
agent. Thetefore, the résiilts of the présent study, though
relevant for lung cancer therapy, réprésent only an inter-
mediate step on the path toward the development of 4
systemic gene transfer agent with broad utility.

MEeTHODS

Muterats. Al Yiplds (DOTAT, ¢cholesterol) were: pu'chased ﬁ'om Awmﬁ
Polar Lipids (Alabaster AL). Fluorescent chotesteral analog 2Z:(N- -{F-nitro-
benz-2-0xa-1,3-dlazol-4-y)aming)-23, 24-bisnor-§-cholen-3b-0! {(fluorest-
erol) was purchased from Molecular Probes (Lugene, OR). RPMI 1640
miedium, modified Eagle’s medium (MEM], and fetal bovine serum (FBS)
were purchased from GIBCO BRL Life Technologles (New York, W¥), Poly-
clonal goat anti-human tuciferase antlbnd) was pxm.hased from Promega
Laboratories (Madison, Wi).

CéNl lines and aritmials. Fuithan non-smatleeli hmg cardnmna {NsCLE)
cell tines {A549, H1299, Has0, 322, and HSSB) and niormal human lung
fibroblast cell Hines (W138, CED16, and MRC-S) were phtalried ‘from Amer-
fcan Type Culture Collection (ATCC; Rockville, MD) and maintatnied as
per the supplier's recommiendations. Human normal bronchial epitheliat
cells (NHBE) were obtained from Clonetics (Walkersvifle, MD) and matn-
tained as recommended by the supplier. Murine Bbrosatcoma cells
{UVZES? and K1735) obtained from Dr, lsafah Fidler, M. D. Anderson
Caneer Center, and waurine ﬁbrob!nm (’NIH]B’I‘:a‘, and 107T1/2) putchased
from ATCC were maintained in RPM] 1640 mediym, Four- to sixsweek-old
fernale CIH/Nar mice (National Cancer Institute, Frederick, ‘MD) and nude
wilce {Charles River Labormtory, Wilmington, DE) used in the study were
miintained in a pathogeu~fme environment and handled according o
Institutional guldelines established for antmal care and use,

Primary human lung rancer celis and narmal epithelial cells were
gbtained from patients unidergoing pulmonary resection. Tumor speci:
mets were excisetl from sqirounding niormal epithelivn and both notmal
parts and tumor perts were Qit inth smallet pletés. A patholagist used
cytopathological and histopathological analysis o classify tissue ‘speci-
ety as timor or nommal. A total of five speciinens figm five individual
patients were obtained. Tumor tissues from all five patierits were his-
topathologically classified as poorly to moderately differentiated adeno-
carcinomz. Singlescell suspensions flom ﬁssum were preprcrt:d s pxwi :
otisly described [25).

Purification of plasmilds. '!‘m plastoid catrying the hicfferase {hicy genie,
dnder the coritrol of the CMVA0 promoter, was grown under. dmp'ldmn
selection In thie Bscherichila coli host straift DHSq arid purified by using an
alkaline lysis method [7, 8] Endotoxin levels of purified plasmids wefe
determined by wsing the chromogenic limulus amebocyte fysate Kinetic
agsay kit (Kinetlc-QCL; BioWhittaker, ‘Walkersville, M), The epneentra:
tion and purity of the purified plasmid DNA were determined by ODW,,M
ratios.

Synthists of liposomes ‘and preparation ‘of !IposotnewDNA mmptexex.
Liposaime (20 miM DOTAR:Chol) was synthesized and extrirded through
Whatwian filiers (Kent, UK} of decreusing stzés (1.0,:0.45, 0.2, 41d 0.1 nim)
a8 préviousty described 7). Flisbrescenitly Jabicled xf)O‘x‘AP cxmx Tipbsoimnes
were syhithesized wilng the sami procedure excefit that ¢holestérol wal
wplaced with 3 fludrescent chalestetol analog (ﬂuomteml) 127]; and smred

i1 the dark. ‘

Particle slze analysis. Freshiy preparnd liposome-DNA complenes were
analyzed for mean particle ‘size by using the N4 particle size analyzer
(Couitter, Miami, FL). The mean particle sizes of the liposome»DNA tom-.
plexes ranged between 300 and 325 nm,

In vitro transfection, cell viabllity, and Iic gene expression, }iuman
NSCLC ¢ells, normal lung Bbroblasts, NHBE cells, wuting tumor tens
(BV2237, K1735), dnd tirine fibroblasts (NIHISTS, 107172), were seeded
in sixawell plites at § % 10% collsfivell. The following day, ‘cells were
ransfected with DOTAR:Chol-hic DNA complex (2.5 ug DNA) I seram-
free medium for 3 h. Following transfection, cells were erlcnlsred with
appiopriate medium for vach cell line contalning 103 FES, and incubation
wa continued. Cells were Harvested at 34 and 48 5 affer transfection. Cell
viability was determined lxy trypan blue exclusion assay and Hicexpression-
by dsing the Nitiferasé dssay kit (Promega) as previously described [24].
Lheiferase expréssion was expressed as manograms' per mﬂ}lgram protetn
by compifing with recambinant hictferase protein, Cells that were riot
transfected sérved as controls.
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In vitro tptake of liposorme-DNA complex. Tumor cells and normat lung
fibroblast cetls were seeded in six-well plates at § % 10° cells/well. The
Tollowing day, cells were transfected with fluorescently labeled DOTAP:
Chol-tur INA camplex (2.5 pg DNA) In serum-free mediurn and analyzed
after 3 b by fluorescence microscopy. Cells were analyzed for luefferase
expression 24 h later, exprossed as described above.

Phagoiytle activity, H1299 tumor cells were seedied fn stx-well plates 2t §
x 10° cellsfwill, The following day; rells were transfected with fluores-
contly Iabeled DOTAP:Chol-Ju¢ DNA complex (2.5 ug DNA) or positively
chatgéd 2.pm Buorescert microspheres (0.008%) (Molecular Probes, Bu-
gene, Oregon) i serumcfree medium in the absence or presence of § ug/mil
cytachatasin B (Sigma Cheotfeals, St. Louis, MO) as previously described
{28). Thiee hotirs after transfection cefls were stalried with Hutchst 33348
and anatyed under fluorestence microscopy using a rhodamine, fluores:
«éin, and UV fiter.

Uptake and espréssion of DOTAP:Chol-luc DNA tomplex in vivo.
UV2237 hing tumors were established in C3H mice by fiifecting 1 X 107
€ells v, Three weeks after tumaor cell injection, uptake and expression of
th liposome-DNA €omplex werd determined using flucresceritly Jabeled
liposome-DNA comples. Animals were fnjected with fluorescent lipo-
$BMmic-hic TINA complex (50 pg DNA) Via atall vein. At 24 b affer treatment
aAnimals wite duthanized, and thelr fungs were harvested and emheddnd in
OCT midium for cryosectioning. Tissué sections (4 pm) were amalyzed
directly imides fuioréscenice Miceostopy. Sections from non-tumor-bearing
antmiali and pnfreated tumar-bearinig antmals served as controls,

A & Sepidrate 5ét of expérraents, A549 lung tumors were established in
cnude rittes as previousty deseribed [24]. Beléfly, AS49 tumior cells (1 % 10%
wke ijected Imd nude mice ¥ia the tafl veln. Animals werd Injected with
‘POTAPIChal-li¥ DNA complex at 2 wedks after tumor cell inoculation
(low tumor load) or at 3 weeks (high tumdr load) after inocutation,
Aniroals wire futhanized 24 h Jater and fumor-bearing lungs examined for
Yuctferase protela expression by fmmunohistochemistry as ‘deseribed be-

Tow.

Toimiohistochemical analysts. Luciferase protein expression in the fis-
sue sections was détected by fmmunohistochemtcal analysis a5 previously

deseribed [24] using a goat potyclonal Tuctferase antibody. Luc proteins
wore detected in fissues with DAR by enhancement using the avidin-
blotin reaction ABC kit (Vector Laboratorfes, Butfingarae, CA). le stides
wurt thén counterstained with hmatoxylm and mounted with Aqua-
Mount {Teirier Laboratories, Pitisburgh, PA), Controls Inctuded tissues
with oo primary antibady and only secondary antibody. The luciferase
protein expression level In'the tumor and the sarroundmg niormal titsue
wis sequtwnt!mﬁve!y deétermined by analysis image analysis using Op-
fimas § software, Brietly, for each tissue section the total arez stalntnyg
posttive as Indicared by brown stalning and the fiumber 6f wmor aveds
staintng posfiive was determined. The ratlo of tumor area to total aten of
‘the tissue syajning positive was then represented as percentage positive’ for
tuor; A foral of threwsamples comprising 15 sectons for each group weie
-anityzed In a blind fashion and represented as an average nuritber for ¢ach
sample.

dut expression tu alveolar matrspliages, nontial logs, and tunor-bear-
“ipg gy, UVZ237 ung-tumir-bearing and non-tumor-bearing micé {y =
15) were Injected with DOTAD:Chol-dur DNA complex (50 ug DNA v,
Twentyfour hours later, unifriials were euthantzed and alvestar macro-
phagm from the lurigs isolated s previotsty deseribed [29]. Briefly, ntde-
rphiages fram bronchodlvéolar lavage were cotlected and separated, More
‘than 85% of the cell population wax confirmed to be macrdphages by a
‘cytopatholagist. The harvested macrophages were counted and plated into
Gewell plates for Jucifetuse ‘expression (105 cellshvell) and into 12wall
plates for cell viabliity (3 » 10¢ cells/well). Platés were tricubatéd overnight
8t 37°C In 2 5% CO, incubator. Twenty-four hours later, macrophages
sried frangterted elther with naked fucplasrid DNA or with DOTAPIChol-
ot DNA cotpléx (2.8 pg DNAY Twenty-four hours later cells weré har-
vested and afialyzed for visbllity by trypan blue excluston assay orassayed
for b expression. b eXpression was expressed as nanbygrams per mitii-
grany of prateln. Experiments vere péifonmed in duplicate. Untransfected

- James for prepatation of the mariscript, THis work was supported in

cefls served as controls, In addifion, the fungs harvested from tumor-
bearing and non-tumer:hearing animals for fsolating macrophuges were
analyzed for Jur expression as described above.

luc-expression in tumor cell explants. Primary cells isolated from fivrmal
and tumor tissue explants were plated at a denstty of § % 10% cells/will In
six-well plates and transfected with DOTAP:Chol-e DNA conpler (2.5
Hg DNA). Transfection and analysis for i expression were performed ¥s
described dbove. Cells receiving no treatment servéd rs controls.

Statistical analysks. The statistical significance of the experimeénta results
was calculated using Student’s ttest and the Vann—wmme}' test.
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Studies conducted in non-tumor-bearing, immunocompetent mice have shown that Intravenous
administration of liposorné-DNA ¢omplex elicits an inflammatory response that results in a
fallure to sustain adequate transgene expression, In the present study, however, we investigated
the effects of a cationic liposomal DOTAP:cholestero! (DOTAP:Chol)-DNA complex on cytokine
production and trarisgene expression in both experimental lung tumor-bearing (TB) mice and
non-tumor-bearing (NTB) syngeneic mice and nude mice. Intravenous Injection of DOTAP:Chol-
luciferase (Juc) DNA complex resulted in tumor necrosis factor-o levels that were 50% lower and
interleukin-10 levels that were 50-60% higher in T8 mice than in NTB mice. Furthermore, a
significant Increase in luc expression (P = 0.001) that persisted for 7 days was observed in TB
mice. In contrast, luc expression decreased significantly from day 1 to day 2 in NTB mice. Also, luc
expression was two- to threefold higher in TB mice that were given multiple injections of
DOTAP:Chol-ltc complex than In mice who received & single injection. In contrast, luc expression
was significantly suppressed following multiple injections In NTB mice ( £ = 0.01). Further analysis
revealed 1L-10 protem expression by the tumor cells in TB mice. Injection of anti-1L-10 antibody in
T8 mice resulted in a significant decrease in luc expression (P = 0.01) compared with that'in mice
injected with a control antibody. Based on these findings, we conclude that transgene expression
persists in TB mice and is partly mediated by IL-10. Additionally, multiple injections of liposome -
DNA complex can increase transgene expression In TB mice. Thesé findings have clinical
applications In the treatment of cancer.

Key Words: gene therapy, liposome, IL-10, cancer, cytokines, inflammation, lung,
genie expression

INTRODUCTION

The development of efficient nonviral vectors that can
deliver therapeutic genes when injected systemically
will provide novel therapeutic options for the treatment
of disseminated canders. However, recent studies have
demonstrated that liposomal vectors elicit an inflanmima-
tory tesponse when injected systemically resulting in
toxigity [1-7]. Induction of inflammatory responses due
to the presence of immunostimulatory CpG sequeénces
in plasmid DNA has been yeported previously [8-12]

3

Associated with the inflamimatory response is the pro-
duction of proinflammatory cytokines (tumor necrosis
factor- (TNF-a), interleukin-1 (IL-1), [L-6), which in turn
have been shown to‘inhibit transgerie expression [9,13].
Failure to achieve sustained transgene ‘expression fol-
lowing repeated injections has also been attributed to

the production of these proinflamimiatory cytoKines [13].

Furthermore, a 3- 10 4-day interval between injections
was shown to be necessary to achieve sustained gene
expression [14]. This need for injections at intervals has

¢
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been attributed to the cells’ “refractory’” state [14].
Thus, the inability to increase transgene expression
following repeated injections has been a major obstacle
in the developmient of therapéutic applications of lip-
osomes. Likewise, reducing the number of CpG sequen-
ces in the plasmid DNA has been shown to reduce the
inflammatory response and ificreasé transgéne expres-
sion {15]. These results, however, were obtained from
studies of non-tumor-bearing (NTB), immunocompetent
ariimals.

In contrast to these reports, we récently demonstrated
effective gene transfer to experimental lung tumors in
mice following intravenous injections of extruded
DOTATP:«cholesterol (DOTAP:Chol)-DNA:liposome com-
piex [16]. Ini that study, although animals were treited
with repeated infections, the relative effectiveness of
piultiple treatments was not studied. However, the major
difference between the results of oir stidy and those of
others is that we conducted experiments in tumor-bear-
ing (TB) animals, while others studied NTB animals. It is
therefore possible that the pathophysiological condition
of the animal may influence tranisgene expression follow-
ing intravenous administration of the liposome:DNA
complex.

Several preclinical and clinical studies have demon-
strated functional alterations of imimune cells (macro-
phages, neutrophils, and T cells) resulting in immune
suppression in lung cancer [17-21]. These alterations
have been attributed to several factors, including the
production of immunosuppressive factors by tumor cells
[22-25] and alterations in the immune cell receptory
[26]. On the basis of these reports, we speculated that
TB and NTB animals might respond differently to lip-

osome:DNA complexes administered intravenously.

In the present study, we investigated the effects of
jnttavenous administration of DOTAP:Chol-DNA com-

‘plex on the cytokine profile and transgene expression of

lung TB and NTB immunocompetent mice and nude micé,

ResuLTs
Cytokine Expression Following Intravenous Injection

of DOTAP:Chol-luciferase (Iic) DNA Complex

Prior to the start of the experiment, we established lung
tumors by injecting 1 x 10° UV2237m or A549 cells

‘intravenously via the tail vein into female C3H and nude
amice, respectively. Ten to fifteen days after injection of

fumaor cells, we treated the animals with DOTAP:Chol-lic
complex, Note that at this time the tumors are wel)

:established In the lungs and can be detected histologi-

cally (data not shown). Animals receiving no treatment
served as coritrols. In @ separate but parallel set of experi-
ments, NTB animals were also untreated or tréated with
DOTAP:Chol-luc complex.

We analyzed serum samples from NTB and lung TB
C3H mice injected with DOTAP:Chol-luc DNA complex

for cytokine levels at regular time intervals'."INP‘u, IL-le,
interferon-y (IFN-y), and 1L-10 were produced by TB and
NTB mice, with maximum peak levels observed in both

groups at 2 h for TNF-n and at 6 h for [FN-y (Fig. 1A). We

observed makiniumh levels of 1L-10 expression at 12 and
24 h in both groups. However, TNF-u levels weré 50%
lower in TB mice than in NTB mice: In cotitrast; [1-10
levels were 50-60% higher in TB mice (Fig. 1A), The
expression of cytokines was time dependent over the 24-
h postinjection period. Il-1a levels did not differ signif-
icantly in animals from the two groups. Cytokine levels
except those of IL-1o Were not detected in Control ani-
mals that were not treated, werd treated with naked
plasmid DNA, or were treated with anempty lposome
{data not shown).

To examiné whether a similar phénomenon o¢-
curred ‘in other tumor models we also determined
serum cytokine levels in A549 lung TB nude mice
and compared them to NTB nudle mice (Fig. 1B). Both
TB and NTB nude mice produced TNF-o, IL-1et; TFN=y,
and IL-10. The time courses for production of these
cytokines were identical to those obseérved in C3H mice
describéd above, Wwith maximum prodiiction occurring
at 2 h for TNF-a and at 6 h for IFN-y. Similarly, we
observed maximum levels of TL-10 expression at 12 and
24 h in TB and NTB mice. However, the levels of the
cytokine produced in niade mice differed from the
levels produced in C3H mice (Figs. 1A and 1B). Fur-
thermore, TNF-a levels were moderately reduced in TB
nude mice compared to NTB mice. The differenice in
the reduction’ of TNF-o levels tn TB C3H mice and T8
nude mice can be attributed to strain difference. How-
ever, other possibilities may exist and need additional
investigation. In TB C3H mice we observed a signifi-
cant increase in Tl-1a at 12 h compared to NTB miice,
This increase in IL-1a levels is not clear and needs
additional investigation. These results demonstrate that
increased H-10 1§ produced in “TB mice compared to
NTB mice following injection of DOTAP Chol-DNA
complex.

Transgene Expression Persists in Tumor-Bearing Mice
Following a Single Intravenous Injection of DOTAP:

Chol-luc DNA Complex

To determine transgene expression in vivo, we injected
lung TB and NTB C3H mice intravenously via the tail
véin with DOTAP:Chol-luc DNA compleéx and removed
their lungs at differerit times and analyzed them for Tu¢
activity. We observed luc expression in both TB and
NTB mice, with maximal gene expression occurring 24
h after treatment in both groups (Fig. 2A). However, luc
expression in NTB mice had decreased by 48 h after
treatmieént and réachied baseline levels by 72 h; luc
expression remainéd at baseline -through day 7. in
contrast, levels of luc activity remained significantly
higher than baseline (£ = 0,01) in TB animals through
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FiG. 1. Cytokine prfile followlng systedile Injéttion of DOTAP:Chol-li# DNA complex. Serurn was colfected frov fing T8 and NTB miceat 0, 2, 6,12, and Z4 h
aiter injection of DOTAP:CHG!-Jut DNA complex (50 i) and was assiyed for eytokines (TNF-u, 1t-lo, (FN-y, 1L-10) using ELISA. Unitreated TR and NTB arimals
sprved a5 controls fram sach group. (A) Cytokine profile in UV2337m T8 and NT8 mice. (B) Cytokine profile'in AS49 hing T8 and- NT8 mice. Data represent the:

average cytokine Tevels in four artmals per group per time point

day 7. However, a trénd in decline (50%) of Juc expres-
sion was observed on day 7 compared to day 1 in TB
animals.

‘We performed an analysis of transgene expression in
A549 lung TB and NTB nude mice. We observed in-
creased luc expression at 24 h in both groups after

~

treatment (Fig. 2B). However, significant levels of Juc
-expression persisted in TB mice until day 7 coinpared to
'NTE mice. Although luc expression in NTB mice did not
reach baseline levels as observed in C3H mice, luc
expression was significantly reduced by day 3 compared
1o day 1. These résults demonstrate that persi»tent trans-
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FIG. 2. Parsistent transgene gxpression occurs in TB animals. (A) UV2237M T8
and MTE C3H mice and (B) AS49 T8 and NTE nude miice were injected with
DOTARChol-fuc DNA complex viz the tail veln, Their lungs wers resected on
days 1, 2,3, and 7 after treatment and analyzed for lue expression. Luc activity
is expressed as relative light units {RLU) per milligram 6f total protein. Each
time point represents the dverage Ric detivity in four animals. Bars reprecent
standard deviation,

gene expression occurs in TB mice compared to NTB
mice.

Repeated Injections of DOTAP:Chol-luc DNA Complex
Result in Increased Transgene Expression

We next evatuated the effects of repeated injections on
transgene expression in both lurig TB and NTB C3H mice

o

TB mmice (Fig. 5A). Fuithermore, a significant reduction

and nude mice. We injected the ammals via the taxl véin
with the DOTAP:Chol-Iuc DNA complex either one time
or daily for 3 consecutive days. We analyzed lungs for luc
activity 48 h after irijection. In C3H mice luc expression
was observed in both TB and NTB mice. In TB C3H mice,
however, luc expression was twofold greater (P=0. :001) in
mice treated three times than in mice treated once (Fig.
3A). In contrast, NTB miice treated three tinies expressed
signiﬁcanﬂy lower levels of luc than did those treated
only ornce (P =0.01). Similarly, analysis of luc expression
in ‘TB nude micé and NTB nude mice demonstrated
expression of luc expréssion (Fig. 3B). TB nude mice that
received three treatments demoristrated threefold in-
crease in luc expression ‘compared to mice treated orice
(P = 0.001). In contrast, NTB mice that received three -
treatments showed decreased luc expression comparéd to
mice receiving a single treatment. Thus, expression of luc -
in TB mice réceiving multiple treatments was higher than
in TB mice recéiving 4 sirigle tréatment. Furthérmoré, Juc
expression in TB mice receiving mumple tréatments was
higher than In NTB mice that received multiple treat-
ments. These results demonstrate that repeated injections
of DOTAP:Chol-DNA ¢omplex in TB mice results in
increased transgene expression and afe in agreement with
our previous results [16].

Lung Tumor Cells Expréss IL-10 ,

To determine whether tumor cells contributed to the
production of IL-10, we stained lungs from UV2237m
TB and NTB mice for miiriné 1L-10."TB lungs, especially

tumor cells, stained intensely for 1L-10 (Fig. 4). We also

observed staining of infiltrating lymphocytes in the lung
tumor sections. In contrast, NTB lung cells showed very
little TL-10 éxpréssion. 'We also observed IL-10 protéin
expression in human lung timor cell lines and in
dlinical specimens from patients diagnosed with hung
cancer (data not shown), To determine further the levels
of IL-10 prodiiced by UV2237m tumor cells, We analyzed
cell culture supernatants: for TL-10 production by ELISA.
The level of TL-10 produced by murine tumor cells was
approximately 30 pg/ml (data not shown). These results
demonstrate that tumor cells in addition to lympho-
cytes produce 1L-10.

Alveolar Macrophages from Lung TB Mice Are Less
Responsive to Stimulation

Since we had observed IL-10 production by lung TB mice,
we examined the suppressive effects of IL-10 on alveolar
macrophages by macrophage activation assay. We plated
alveolar macrophages isolated from lung TB and NTB
C3H mice in 96-well plates and stimuldted them with
phorbol myristic acetate (PMA). We measured stimula-
tion of macrophages by addition of 2,7 -dicholorofluor-
escein diacetate. Macrophages from NTB mice showed
significantly more activation (P = .001) than those from
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FIC. 3. Multiple treatments resulted in increased tranisgene expression. TB and
NTB C3H or nuds mice injected elither once or three times with DOTAP:Chol-
jur DINA complex (SO jig DNA/dose) via o tail vein ‘were assayed for luc
activity. (A) A twofold increase in fuc activity was pbserved In TB C3H mice
recelving three ireatments compared with thoze receiving one treatment. in
ctontrast, e activity in NTB C3H mice receiving three treatments ‘was
significaatly lower that In thase recelving ohe treatment, (B) Luce activity In T8
atidé mice receiving three treatments showed two- to threefold increase in fuc
expression eomparéd with those receiving one treatment. In contrast, luc
activity in"NT8 aude mice recelving three treatments was signficantly lower
than in those recelving ore treptment. Luc activity is expressed ds RLU per
milligram of total protein. Bars represent standard deviation.

(P = D.01) in TNF-« production by alveolar macrophages
frorh TB mice was observed when the macrophages were
rreated with LPS (Fig. 5B). In contrast, macrophages fiom

v

NTB8 animals produced higher levels of TNF-o when trea-
ted with LPS.

Neutralization of 1L-10 in TB Animals Results in
Decreased Transgene Expression

To determine the effects of 1L-10 oil transgene expres- -

sion in vivo, we injected TB animals with & mouse I1-10
neutralizing antibody 24 h prior to injection of DOTAP:-
Chol-luc DNA complex. Analysis of the lungs 48 h after
lipesome~DNA complex injection showed a significant
reduction in luc expression (P < 0.01) compated with
that il TB animals that were not treated with the
newtralizing IL-10 antibody (DOTAP:Chol-li complex

Negative
Control

NTB/C3H

TB/C3H

FIG. 4. UV2237M tumeor cells prodice 1-10. UV2237m T8 and NTB fung
tissun sections ware immunohistocharically stained for mouse 1110, 1110
was detected in lung tissue sections as indicated by the intense brown
cytophsmic staining. Staining for IL-10 in NTH lung tissue sectlons was weak,
Tissuz sections stalned only with secondary antibody served as negative
controls. Arrews Indicate cells staining positive for 110,
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only) and in animals that were treated with 4 control
Isotypic antibody (Fig. 6). Luc expression was also sig-
nitficantly lower in animals that received the control IgG
antibody than in animals that did not receive any
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§1G. §, Alveolar macrophages (AM) from TB mice are less responsive to PMA
stimutation, (&) Alveolar macrophages from T8 and TNB C3H mice were
plated In 96.well plates at various cell densities ard incubated overright at
37°C. Cells were exposed to PMA () wolmi for 1 h. After T h, & 7
dichinrsfuorescein diacetate was added and incubated for 30 min. Macro-
phage stimulation was detected by measuring the fluoréscence Intensity at
530 nm in's spectrofiucrometer. AN fromi TNB animals responded to PMA
stimulation significantly compared to thase from TB animals. AM not exposed
10 PVIA Sorvisd a5 controfs. Values showr are the mearss of quadruplicate wells.
Bars représent standacd grror. (B) Alveolar maciophages from TB dnd TNB
C3H malce were treated with LPS (1 ug/mi) for 24 h and the culture medium
was assayed for murine TNF-a. A significant amount of TNF-o protein was
derectable in the mediom from AM harvested from NTB mite compared to
that from T8 milce. AM not exposed to LPS served as pegative control {NT).
Pasitive contro! Included was provided in the iit. Data are represented as the
resns of quadruplicate wells. Bars represent standard error.

o Control

N DOTAM:Chbtluc

w Control lg + DOTAPChatidue
o AnFIL-10 + DOTAP:Ghalefur

BRLANEG

Jumor Samples

FIG. 6. Neutralization of IL-10 in. T8 mice results jn decreased ‘Warisgerse
expression, Lung tumors were established in C3H mice by injecting Wa237m
cells {1 x 10%elis/well) via the tall vein, Three weeks later, arfimals were
divided int6 three groups and treated as follows: group 1 reteived Mo

treatimint, group 2 received an intraperitoneal {ip) injection’of isotypic contiol

19G antibody (20 ug), and group 3 received ar ip injection of neutralizing antl
1L-10 antibsdy (20 pg). Twenty-four houts later, animals tresriv all three groups
were treated with DOTAP:Chol-luc DNA cormplex via the tall vein, Animials that
did not recelve any treatment served as negative controls, Animials were
euthanized 48 h after infection, and their lungs were removed and analyred
for luc sctivity. Lise expretsion was Sighificaritly less in animals from group 3
than in thosa from groups 1'and 2, A significant reduction In lue activity was
also observed In group 2 compadred with group 1, indiciting nanspatific
inhiblton. Lo sétivity is exprésted #5 RLU per milligrar of total protein. 8ars
represent standard error.

antibody treatment, indicating nonspecific inhibition of
gene expression.

DiscussioN
The present study demonstrated for the first time that
transgene expression persists in TB animals but not in
NTB animals. Although persisteént transgene expression
was demonstrated in TB animals in vivo, the cell types
that primarily express the transgene were not investigat-
ed in the present study. Howéver, we have recently
demonstratéd that tumor cells prifnarily express the
transgene at higher levels compared to surrounding nor-
mial tissues, both in vitré and in vivo [27]. Based ori our
previous observation we can speculate that persistent
transgene expression primarily occurs in tumor cells,
However, expression can also persist Iri other cell types
that are present within the tumor microenvironment.
The underlying mecharism for the prolonged trans-
gene expression was next examined. It is possible that
inflammatory cytokines (TNF-u, T1-1«), which hive been
previously shown toinhibit transgene expression, may be
altered in TB animals or that the immune cells {macro-
phages, neutrophils, T ¢ells) that produce the inflaimma-
tory cytokines are functionally altered in TB animals
{17-25]. To understand the mechanism involved, we
measured cytokine expression levels in TB and NTB ani-
mals after intravenous administration of a liposome~
DNA complex. TNF-g, IL-1w, IFN-y, and [L-10 expression
was observed in both TB animals and NTB animals.
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However, TNF-o levels were 50% lower in TB animals, The
role of TNF-0 as a proinflammatory cytokine and its
primary source, alveolar macrophages, are well known
[26,28]. It appears that the alveolar macrophages may be
functionatly suppressed by soluble factors released by the
in sttu timor [29,30]. As a result, production of TNF-a and
other cytokines triggered by TNF-« miay also be reduced,
thereby allowing persistent {ransgene expression. The
observation that IL-10 levels were higher in TB animals
supports this hypothesis. The inhibitory effects of 11-10
on macrophages and TNF-a production are well docu-
mented [29-34]. Similarly, 1L-10 eéxpression by tumor
cells has been previously demonstrated [35-39]. Based
gn these reports we next determined the source of IL-10.
tmmuriohistochemical analysis of TB lung tissue sections
demonstrated intense cytoplasmic staining for I1-10 in
UV2237m tumor cells. Additionally, in vitro assay dernon-
strated 1110 production by tumor cells albeit at low
levels. The difference in in vitro and In vivo TL-10 levels
cdn be due to several reasons that include difference in
tumor cell number, cell type {tumor cells, epithelial cells,
mononuclear cells, etc.), and #n situ tumor conditions. In
support of thisare the findings that IL-10 staining was also
observed in infiltrating l}mphocyies Additionally, 11-10
expression was also observed in the surrounding normal
tissués that comprised fibroblast and epithelial cells. In
contrast, 1L-10 expression was obServed to be miinimal in
NTB lung tissue sections.

11-10 is a Tha-type cytokine that acts as an immiuno-
suppressor under a varlety of conditions and is primarily
produced by macrophages and T cells {36,37]. Produc-
tion of 1L-10 and its effects ori immiine cells have been
shown in a variety of human cancers [39-43]. In fact, it
has been shown that 11-10 production by tumor cel]s
suppresses the imniune functions of mdcrophages and T
cells, thereby promoting tumor growth [44-49]. Fur-
thermore, when present in the tumor microenviron-
ment, macrophages cafi produce IL-10 in an autocrine
fashion, resulting in functional inactivation [36,37].
Based on these findings, we examined the effect of
exogenous 1L-10 on transgéne expression in alveolar
macrophages from TB and NTB animals, as well as the
effect of PMA on macrophage stimulation as a measure
of function. Transgene expression was significantly
higher in alveolar macrophages from NTB animals comi-
pared with those from TB animals. However, in the
presence of 11-10, transgene expression ‘was sigriificantly
suppressed in macrophages from NTB animals (ddta not
shown). This observiation suggests two possibilities: the
fransgene expression was trariscriptionally suppressed or
the muacrophages were functionally inactivated, result-
ing tn a decreased inflammatory response. We believe
that functional inactivation is a more likely mechanism
since alveolar macrophages from TB animals, when
exposed to PMA, were not stimulatéd. In contrast,
macrophages from NTB animals, when exposed to

PMA, were observed to undergo significant stimulation.
Furthermiore, a reduction in TNF-w production was ob-
served in alveolar rhacrophages from TB animals com-
pared with those from NTB anintals.

The difference in the alveolar macwphage furiction

‘may partly explain the observed increase 4n. transgerie

expression in TB mice receiving repeated treatments
compared to NTB mice. Although persistent and in-
creased transgene expression has been demoristrated in
TB mice’it is not clear whether this is a local effect or a

systemic effect. Preliminary studies front our laboratory

indicate that this is primarily a local effect that is influ-
enced by the tumor micréenvironment. Andlysis of trans-

gene expression in mice bearing subcutaneoiis tumors

demonstrated an increase in transgene expression over

time when the mice weré injected with a single dose of

DOTAP:Chol-luc DNA complex. However, analysis of the
normal tiimor-free lungs from thesé subcutaneous tumor-

‘bearing mice demonstrated 4 decréase in tranisgene ex-

pression over time (data not shown). We are currently
conducting ddditional studies in the laboratory to delin-
¢ate the local versus systemic effect.

Finally, the effect of IL-10 on transgene expression
was demonstrated by in vivo neutralization experiments
conducted in TB animals. Tredting anifhals with a fieu-
tralizing anti-1L-10 antibody prior to injection of the

liposome-DNA complex resulted in an approximately

‘§0% reéduction in luc expression compared with animals

that did not receive the neutralizing antibody and
animals that received an’ isotypic control antibody.

These results indicate that blocking 1L-10 dctivity might
réstore the inflammatory response, thereby resulting in
decreased tranisgéne expression léevéls. Baseéd on these
results, we would like to propose the folloMng hypdth
esis: Tumor cells in addition to' mﬁltratmg inflammatory
‘cells produice IL-10, which 4cts in an autocring fashion
to promote its growth and produce moré IL-10 and in
paracrine fashion to suppress the functions of immune
cells (macrophages, monocytes, T cells) present in the
tumor mictoenvironment or stimulate them to pmduce
miore 1L-10 (Fig. 7). Intravenous injection of liposome-
DNA complex in TB animals thus results in a dimin-
ishied inflammatory resporise, résulting in persistent and
enhanced transgene expression following repeated mul-
tiple treatments d@nd in therapeutic effect. A note of
caution in that apart from IL-10 other immunosuppres-
sive factors produced by the tumor cells may also play a
role in the obsérved persistent transgene expression, We
are currently investigating theése possibilities in the
laboratory.

In conclusion, this study demonstrates for the first
time that a diminished inflammatsry response, partly
mediated by 11-10, leads to persistenit gérie expression
in lung TB animals.. This phenomenon allows multiple
treatments, resulting in enhanced transgene expression
and therapeutic efficacy. Thus, répeated delivery of thet-
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Ti u'mr' cells

‘ v ‘ T eefl
Monocytes/macrophage ~
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Decreased proinflammatory cytokine production
Decrsased phagocytic activity (macrophages)

Receptor rearrangement (T cells)

Production of immunosuppressive cytokines/growth factors

;

Reduced inflammatory response

FIC. 7. Schematic representation of L-10 production by tumor cefls and its
effects on immune cells and inflammatory response. Tumor cells produre IL-
10, which acts In an autocrine manner to promote growth and production of
more IL-10 and in 2 paracrine fashlon 1o suppress the fuhctions of immune
cells (macrophages, T cells) present in the tumar milieu by decredsing
‘phagocytic dctivity and prainflammatary cytokine production (IL-3, TNFee, It~
6) and rearranging receptars, Intravenous injecdon’ of fipostmie-DNA
-eorples in T8 animals thus resulls In 2 diminished inflammatery respanse,
resuhting in persistent and enhanced tramsgene expression aRter reprated
treatrments and ina therapeutic effect.

apeutic genes encapsulated in a liposome is feasible for
lung cancer tréatment.

MATERIALS AND METHODS

Mutértals. Al lpids (DOTAT, cholesterol) were purchased from’ Avanti
Palar Lipids (Alabaster, AL, USA), RPMI 1640 medium and fetal bovine
serum were purchased from Invitrogen (New York, NY, USA). Polyclonal
“goat anti-human 11-10 antibody and anti-mouse IL-10 monoclonal antl-
fiody were obralned from Pharmingen (San Diegs, CA, USA). AntiJL-10
Hevtralizing antbody was purchased from Biosource International
{Camarillo, ‘CA, USA) and Isotyple 1gG antibody was purchased from
Sigma Chemnlcals (5t Louts, MO, USA).

Cell Bnes and antmals. Murlne fibrosarcoma cells (UV22375 obtained
from I'ni. Isaiah Fidler, M, D). Anderson Caneer Cemcr, were maintained in
RPMI 1640 medium, Human AS549 lung cancer cetls were obtalned from
American Tissue Culture Collection (Rockville, MT3, USA) and maintained
In Hamis/F12 medium. Cells were regularly passaged and tested for the
presence of myeoplasma. Four- to six-week-old female C3H/Ner miee
{National Cancer Institute, Frederick, MDD, USA) and athymic nude wifce
(Charles River Laboratories, Wilmington. DE, USA) used in the study were
matntained in a pathogen-free environment and handled according to
{nstitutional guldelines established for animat care and use.

Parification of plasmids. Growth and purification of plasmids tsed i thie
study have been deseribed pzmously {16}

Synthesis, preparation, and particle size analysis of lposonie:DNA
complexes. The synthesis of 20 mM DOTAR:Chal, the prepavation of
liposome:DNA complexes, 4nd the detetrilnation of mean particle sizes
in freshly prepared iposofive:DNA complexes have been describéd prévie
ously Ilﬁ 50].

Cytokine profiles in TB and NTB mice. ‘Expetimental fung tumnrﬂ were
establlished by injecting 1 x 10% (V2237in and AS49 tumor cells into
C31/Ner mice and nude mice, respectively. Tumor cells were injéeted via
the tall vein. Ten to fifteen days after tumor cell infection animals were
given asingle intravenous Injection of DOTAP:Chiol-luc DNA mmplax 50
;g DNA) viz the tatl vein. Cytokine profiles were ‘determined in these fung
TB mice and compared with those in NTB mice after treatment, Serum
samples were collected from the animals at 0,2, 6 12, and 24 h after
injection; the samples were stored at <80°C and analyzed for cytokines
using murine cytokine ELISA kits (R&D Systems, Inc., Minmeapm{s, MN,
USA). Assays were perforitied in quadraplivate according to the mand-
facturer's guidelines.

Luciferase expression n T8 and NTB afitmals, Ladg T8 and NTE C3H
wice and nude mice wete !nfr:cted with a single dose of DOTAP: Chol-ine
DRA:liposome complex (50 ug DNA) via the tall vein. On days 1, 2,3, and
7 after infection, thé animals were authanizéd using COz mha!atian, and
thelr lungs were resceted. The hings wete snap-frozen in liquid hitrogen’

and analyzed for luc expression as described previously [Sﬁ] Luc was

expressed as relative light units (RUUS per milligram of protein. Four
antmals were analyzed at each of the fime points. The éxperiments were
performed twice, and the results reported were the average means of the
two experiments. . :

In vivo luc éxpression following single and witiltiple treatménts With
DOTAP:Chol-luc DNA comiplex. UV2237m luag TH (i = 15) ant NTB =
15) C3H mice dnd A549 ludg TB (i = 15) and NTH {0 = 15) nude milce wete

divided Into thide groups #ach. Five TB and five NTB nilce were treated
with Intravenous injections Of DOTAP:Chol-lie DNA complex oncé, ard
five more from each group were ttedtéd dally £or 3 days, Fivé T mice and
five NTB mice did not vetelve any trestinent and served #% coritols. The
mice were euthanized by CO, inhélation 48 h aftér treatinent; and thslx
lungs were resected, Total: protéin wiis extractcd fromt the lung tisiues by
homogeritzing the Hssus In lySis buffer and assaying for e activity ay

“deséelbed above (RLU/m of protein). Each éxperiment was parforined at

least three times and the resulfs reported Were the means nf the three
experiments.

Inistmriohistochemical analysis, UV2237m lurig tamors tetioved from
C3H/Nor mice wete fiked 1 10% bufferéd formalin before beélng eriibed-
ded In paraffin 8nd cut into 4:m sectiops. Sections were ‘stained for
murine IL-10 expression as previcusly deseribed [16]. Briefly, tissue
séctions were treated with 0.3% Ha0, In methaiiol for 30 miln'to block
endogenous peroxidase activity dnd subsequently incubdted with riornal
goat serom for 30 min at ro0i tempenature; Following incubation, slides

-were treated with yoat polyclonal anti-IL:10 anitibody for 60'min. After30

min moré of incubarion Wwith an appropriate secdndary: intibody {pro-
vidéd with the ABC ity Vector Laboratories, Burlingame, CA, USA), 10
protein was detected in tissies using diaminabenzidine enhanced with
the dvidin - blotin redction ABC kit. The slides wire theti churitetstaliied
with hematoxylin and msunted with Agua-Mourit (Lefner Laboratorles,
Pittshurgh, PA, USA)..

Alyeotar macrophage acftvation assay. Alveolar macrophages from T8
and NTB (3H mice were acquired oS previously described [27,51). Bricly,
the mice were cutham:'ed using GOy jnhatation, snd an incision was
madp in the reglon of the frachea. Oince the trachea was exposed, a 21-
gauge needie was jnsérted, and 10 ml of sterfle Hanks' balanced salt
sotutlon (HBSS) was infused into'the lungs with a 10-m! syringe. Aftér the
tungs were flushed with HESS, the remaining liquid was dspirated Invo
sterite Falcon centrifuge tube placed ob lce. The procedure was répeated
thiree to four times. Cells were centrifuged at 1000 rprm for 10 min, washed
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thrice, and seeded in six-well plates. An aliquot of the cel! preparation was
suhjected to cytopathotagical analysis, and more than 809 of the cells
wote fdentified as macrophages. Alveolar macrophages thus isolated were
used for activation assay. Briefly, alveolar macrophages from T8 and NTB
C3H rrilce were plated it 95-well plates at varying cell densities (1 x 10°,
5 » 10% and 5% 10° cells/well) and incubated overnight at 374C. The
next day, PMA wasadded (1 pg/m!) to the wells and incubated. One hour
after incubation with PMA, 27,7 dicholoroflusresteln diacetate (DCFH-

DA; Sigma Chemicals) was added to the wells. DCFH-DA 15 2 substrate!

that §s converted inta a fluorescent 27, 7' -dicholoroflusrescein product by
intiaceliular oxidants produced by alveolar macraphages {§2). The
amount of fluorescenice produced is directly proportionial to the micro-
phage response (activation) to PMA. This test is routinely used to ‘measure
alveplar miscrophuge response o varlous stress inducers [53,54]. Plaves
were Incubated in the dark for 30 min, after which the plateés were rédd in
a‘sprctroftioraméter at 485 nm excitation and $30 nm éniisstonts, Vatues
were obtalned, and the results reported were the average of quadrupl-
cates for each sample,

in 4 separate but parallel set of experiménts, alvéolar macrophages
fron 1B and NTH C311 indee were plated in 96-well plates and ‘incubatéd
overnight, The next day, cells were trested with LPS (1 ug/ml; Sigia
Chimicals) and cultind supernatants assayed for TNF-o production using
a murifie TNF-n ELISA kit {(R&D Systems). Untreated cells served as
negative controls. Positive control was provided in the kit.

it v pentratization experhiints with antl-1L-10 antibody. UV2237m
i TH C317 mitce (n = 15) were divided into three groups and treated as
folldws: group 1 {n ='5) recelved no treatment, group 2 (rn =5} recelved a
single intraperitoneat infection of control tsotypic IgG antibody (20 ugh
and group 3 (1 = 5) received @ single intraperitoneal Injection of murine
anti1L-10 neutralizing antibody (20 pg). Twenty-four hours later, mice
Trom all three groups were {njected with DOTAP:Chol-Juc DNA complex
(50 g DINA) via the tail vein. An sdditional group of anfmals (n = 5) that

did not receive gny trestment served as negative control for these experls

ments. The miée were euthantzed 48 h after treatment with DOTAP:Chol-
Jue, aitd thelr fungs were resected and analyzed for luc activity as deseribed
atrove. Experiments were performed tiice and results reported were the
averages of two separate experiments.

Statistical analysts. The statistical significance of the experimental
results was calculated vsing ANOVA. A P valng <0.08 s considered
sigmificant.
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Myristoylation of the Fusl Protein Is Required for Tumor Suppresemn in Human

Lung Cancer Cells
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Abstract

FUST is"a nwvel timor suppressor gene identified in the human chro-
musome 3p21.3 reglon that is deleted in many cancers, Using surface-
enhanced Inser desorptionfionization mass spectromictric analysis on an
pati-Fusl-antibody-captire ProtéinChip ‘array, we identified wild-type
Fusl as an N-myristoylated protein, N-myristoytation is a protein modi-
fication prociss in which o 14-carbon myristoy] group Is eotranslationally
and covalently #dded to the NH,-terminal glycine vesidue of the nascent
polypeptide, Loxs of éxpression or a defect of myristoylation of the Fusl
protein was ohserved n Hismarn primary ling earicer and caneer ecli Bnes.
A myristoylation-deficient mutant of the Fus) protein abrogated its ability
to Inhibit tamor cell-induced clonogenicity in vitro, to indace apoptosis in
Jurjz fumot eells, and 1o suppress the growth of tumor xenografis and lung
metastases fn vive and rendered 1t susceptible o rapid protéasome-
dependent degradation, Qur results show thdt myrisfoylation is required
for Fusl-mediated tumor-suppressing activity and suggest a novel mech-
anfsm for the innctivation of tumor suppressars in fung caticer and a role
for deficlent postiranstationat modification in tumor suppressor-genc-
medinfed carclnogenesls.

Introduetion

Tumor suppressor genes (TSGs) play a major role'in the pathogen-
«esis of human lung and other cancers. Lung cancer cells harbor
mitations dnd delétions in multiple known oncogenes and TSGs;
however, genetic aherations and allefic losses on the short afm of
chromosome 3 are among the most frequent and earliest canicer
abnormalities detected in the pathogenesis of lung cancers and have
been shown 1o occur in 96% of nor-small cell hing cancers (NSCLCs)

© and in 78% of prencoplastic lung lesions (1), The frequent and early
logs of heterozygosity and the overlapping homozygots deletions
ohserved in the 3p21.3 region in lung and breast cancers suggest a
¢éritical role bf ong or more 3p21.3 genes as “gatekeepers” in the
molecular pathogenesis of these eancers (2, 3}

The novel FUST TSG is oneof the candidate TSGs that have been
identificd in a 120-kh hotozygous deletion region in human ¢hro-
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mosome 3p21.3 (2, 4, 8). The ¢loned ¢DNA of FUSI (GerBank
accession no, AF055479) is 333 bp in length and encodes & protein of
110 amino acid residues (Fig. 14). However, the FUST gene docs not
show homology with any known gencs and pmmim in databases. We
havé previously demonstrated that exogenous expression of the wild-.
type {wt) FUS! by plasmid- ‘or “sdetioviral vector-mediated gone
transfer significandly inhibits tumor céll growth, induces apoptosis;
and ghters cell cycle kinetios in 3p21.3-deficient NSCLC éélls in vitro
and efficiently suppresses tumor growth and inhibits tumor progres-
sion and metastases in various huinan Jung cancer xenograft mouse
models (4-6). 'Ho‘wever’, thé miechanisms involved in the inactivation
of the FUS! gene in primary human cancers and in FUSI-médiaied
tumor ‘suppression remaln unknown. On the basis of our findings

“reported here, we hypothesize that loss of expression, haploinsuffi-

clency, and deficiency of posttranstational modification of Fus1 pro-
tein may Jead to loss of its tumor-suppression function and play an
impontant role in ‘lung cancer development.

Materials and Methods

Cell Lines-and Cell Culture. The human NSCLC cell lines AS49, NCT-
H1299, NCI-H358, NCI-H225, ‘NCI-H322, add NCI-H460, with various
3p21.3 and p53 gene status as described previously (7, 8), and a gormal human
tung fitroblast cell line, W1-38, were used for in vifro sid i viva experiments.
The AS49 line was maintairied in Ham's F12 mediim Stpplenicated with 10%
FCS. The H1209, H358, H226, H322, and H460) lines were mainmained in
RPMI 1640 supplerented with 10% FCS dnd 5% glutaming, Normal fiioblast
WI-38 cetls were cultured in MEM suppleménted with' 10% FCS and $%
glutasmine, o

Tumaor Celi-Induced Clonngenfeity Assay. To antlyze the éffect of myr-
istoylarion of Fugl proteln dn tumor cell-dérived clonogenicity i vitra, wi
transfected H1299 cells (1 % 10%) with various FUSI-éxpressing andt control
plasmid vector DNAs, using FUGEN 6 in vitro transfection reagens (Roche
Molécutdr Biochemicals, Tndianapolis, IN). Four wg of each rest plasmid DNA

‘were cotransfectsd witly 1 g of the aorycin-resistant pene-containing

PeDNA3L vedtor (Tnvitrogén, Carlibad, CA); the pcDNASY (1 wg) vector

glone and the pcD?\A’H plus wi-p53 plasmid were used as negative and

positive controls, res;;ecnve!y Twenty:four b after teansfection, cells wére
harvested, stained withi trypan’ blue, dnd counted. Five thousand cells were
feplated on 2 100-mm fissue cdltre dish in wiplicate and grown in 3%
feral-bovine-secum-supplemented RPMI 1640 containing 400 up/ml G418 for
2-3 “weeks. The niiritbers 0f (3418-resisiant colonies were counted after stain-
ing with Crysial Violet. )
Tmmunohistochemical Anatysis. Samples of human lung tumbr and ar-
alte] normal tissoes weré obiainéd from patients with informed consént through
the Lurg SPORE program at the University of Texas Southwestern Medical
Center and ot the M. D, Anderson Cancer Center. Bxpression of the Fusl
protein in tissue samples was analyzed by imiriunchistochemical Staining with
anti-Fus peptide polycloiial amibodies énd 2 VECTASTAIN Elite ABC kit
(Vecwr Labomtories Inc., Burlingame, CA). Briefly, the rabbit ani-Fus!
polycional antibodies used for immunohistochemical stalning, faised against &

~Synthetic oligapeéptide’ derived frori NH,-terminal amine sacid sequence of
‘. Fus1 protein, were affinity-purified by use of custom immunochemistry ser-
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vices provided by Bethy! Laboratories. In¢. (Montgomery, TX). The formalin-
fixed, paraffin-smhedded tissue sections were incubated with horseradish
peroxidaseeranjugated rabbit anti-Fusl antibodies {0.1-2.0 pghnl in PBS-
BSA), and imiwmestaining was performed with the VECTASTAIN Eliwe ABC
kit according to manufacturer’s instruction. Subsequently, the sections were
countestained With Harrles hemaibxylin, Sariiples weré exsmined under a
microscope, and immunohistochemical images were recorded with an
cquipped dightu! camera,

Laser-Capture Microdissection (LCM) and Protein Preparation for
Surface-Enhanced Laser Desorption/Ionization’ Mass Spectrometry
(SELDY-MS) Andlysts. Frozen tissue sections were rapidly removed from
~80°C storage and immersed in or flonded with 70% alcohol for ~1 siin;
followed by H&E ataining. The tumar cells andd adjacent normal cells were
precisely Tdentified by microseopic examination, LCM wis performed with the
PixCell LCM microscope (Arcturis Engideering, Mountaln View, CA). Ap-
proximately $00-1000 microdisseeted cells were then transferred to a thermo-
plastic filmy mounted on optically transparent LOM caps and incubated with 50
b of protein lysis buffey containing 166 NP40, 0.5% sodinm deoxycholate,
0.15% SDS, 1% DTT, and 1X complete protease inhibitors (Roche Biochemi-
cals) in PBS on ice for 15 min. Cell samples were sonicated in'a Transsonic
TO0/H sonication water bith (Lab-Line Instruments, Melrose Park, 1L) at 4°C
for & min, and protéin fysate was cléared by centrifugation for 'S miiin at 13,000
spin 4t 4°C. The protein lysites were either vsed immedizely or stored at
~R0°C.

Antibody-Captare ProteinChip Array (ACPA) with SELDI-MS. The
éntogennus or exagénons wi-Fus! or mutant Fus! proteids were captured with
affinity-purified rabhit Fus1 polyclonal antibodies from cultured cells or LOM-
separited and enriched haman primary lung wmdr and noninvolved aormitl
ealls. Five pl (10 pg) of protein lysate were spotted on a Fusl antibody-
comed preastivaed surface (PS20) ProteinChip array and annlyzed by
SELDEMS i the presence of CHCA matix solutioh; both ‘imertial -and
external standurds were used for massicharge (n/z) calibration (Ciphergen
Biosystems, Fromiont CA), ACPA and SELDI-ilmz-of-flight (TOF)-MS anat-
ysis were performed secording to the manufacturer's instructions and proce-
dures deseribed in detail elsewhicre (9-11).

Antml Studies, AU asimals were maintained and animal experiments
were performed under NTH and institutiona] puidelines established for the
Animal Corg Facllity at ific Usiversity of Texas M. D. Anderson Cancer
Ceriter. Provedures-for H1299 s.c. tomor inoculations In mwnu mice have been
described previously (8). When tumors teached an avetage of ~0.5 ¢m in
dinieter (~2 weeks after tumor inoculation), N-[1-(2,3-dioleoylosylpropyl)-
NNN-trimethylammoniummethy! sulfuie-cholesterof-complexed wi-FUS! or
- myristoylation-murant (miyea)-FUST plasmid veéctors {(FUST lipoplex) were'
injected into the tumors three times within a week at a dose of 25 pp of
plsmid DNA and 10 amol liposome/tumor i 100 ul of 5% dextrdse in water.
PBS tind LadZ werk used as mock and pegative controls, respectively. Tumor
sizes ware measured twice 4 week, and tmiar volime was calealated uging the
eqiiation ¥ {ram® = & % B2, Whére 4 is the largest diameter and b is the
smatlest dimension,

To evaluate’ the effect of systemic administanion of FUST lipoplex on
devetoprient of A549 experimental Tung metastases in nude mice, we injected
various lipoplexes every 2 days (thres times/day) Lv. intoall animals at a dose
of 25 g of plasmid DNA and 10 nmo! of liposome each in 100 ! of 5%
dextrose i water per animal. Each treatient group consisted of 10 animals:
Langs were harvested 2 weeks after the Jast injection, and metastatic colonies
on the surfaces of fung were stained with Indian ink, Tumér colonies 6n Jung
surfaces weiv eounted under u dissecting micrascope withont knowledge of the
treatment groups, and the lung tssues were sectioned for further pathological
- and xmmunobmochmuml anplysis and for in site apoptasis analysis with
wermina! deoxynacleotidil transferase (TdO-mediated nick end labeling
{TUNEL) staining (Roche Hinchemlcal))

Results

Loss of Expression of Fusl Protein in Primary Lung Cancer
and Cancer Cell Lines. In a pravious study, we exaritined 40 pri-
mary lung cancers and found that mutation of the FUS! gene was
infrequent and that thére were only a few nonsense mutatioris and a

COOH-terminal deletion mutation that arose frorm aberrant MRNA

splicing {(Fig. 1A; Ref. 5). In addition, we found no evidence for FUS!
promoter region niethylation (data not showi). FUSI expreéssion hag’
been detected in various normal human tissues, mcludmg brain, heart,
pancreas, prostate, kidney, and lung, based on quantification of ex-
pressed sequence tags in Unigene clusters, as summarized in Gene-
Cirds* by the Crown Human Genomics Center and Yeda Research
and Development Co. Ltd. (Rehovot, Istadl). Although endogenous
Fus1 protein expression could be detected in normal hiiman bronchial
epithelial cells and fibroblast sefls (W1- 38) by immunoblot analysis
and FUSI mRNA transcription could be seen on Northern blots of
RNAs prepared from lung cancer el Tines, we could not detect
€endogenous Fus! protein in these lung cancer cell lines on immuno-
blots using the affinity-purified, anti-Fus peptide antibodies we de-
veloped (Fig. 18). In addition, we performed immunotilstochenicat
staining on a sct of paired notmal lung and lung cancer tissue sections
(Fig. 1, C-). We found that normal lung epitheliat cells express Fus1
(Fig. 1, D~F) but that many lung cancers (15 of 20; >70%; Fig. 1,

H-J) did niot. We also found that even in those tumor samplcs thh
Fus1-positive staining, the staining ‘was ot umform}y detectable in all
tumor cells (Fig: 16), On the basis of both the lung-cancer-growth-
suppressing properties of the Fusl protein in vitro and in animal
miodels and the dhserved loss of protein expression in primary tirmors
and tumor-derived cell lines, we hypothesued that FUST would haveé
to act as 4 TSG in a haploinsufficient manner (because thost primary
lung cancers experienced allelic loss in this 3p21.3 region; Ref, 12)
and that both loss of expression and deéficient ‘posttranslational mod-
ification of Fus! protein might lead to loss of its tumbr stippression
function and to lung cancer development.

Identification of Myristoyl Modification of Fus1 Protein. To
test this hypothesis, we first performed computer-based homologous
structire modeling and functional domain prediction of Fusl profein
o assess its biochemical dnd biophysical properties and to obtain
possible leads to its biological furiction (Fig. 14). The sécondary
proteln structure prediction indicated that the 'wt-Fus] protein is &
highly hydrophobic protein with extensive helix-coil :‘domain’ stroe-
tures lacking ansmembrang elements (Fig: 14). The functiondl do-
mains of Fus1 protein were predicted by use ofa Thotf- bidsed profile
scanning program (13) and showed 2 pmentxal mynsmylatxon s o
the N1, terminus, a protein kinase A intéraction site, an A kinase-
anchoring protein interaction (protein/protein) site, and a PDZ class 11
domain (Fig. 14). From these analytical comparisons of Fus1 protein
structire and function, We predict that Fas1is 4 miyristoylated member
of the novel cAMP-depeidént proteéin kinase A and A kinasé-atichor-
ing protein families, which are associated ‘with many cellular pro-
cesses, including transcription, signal transduction, metabolism, ion
channel regulation, cell cycle progression, dnd apoptosis (14, 135).

To verify myns!oylatmn of the Fusl protein, we eonstitcted a
plasmid vector expressing either the wi-FUST or a myrisioylation-
site-deficient 'miitant (myr-mt-FUST} in which the predicted myris-
toylation site of glycine (G,) was replated with aii alanife (Ayf Fig.
1A) by site-directed muragenesis, A double-rutant (dmt-FUST) in the
COOH-terminal region, in which two highly hydrophobic iscleucinie
residues (Ig; and o) were replaced with two neutral and rigid-
conformation-pronioting proline résidués (Py, and Py,3 Fig. 14), was
also constructed as another control to confinm the biological signifi-
cance and specificity of the myristoylation-deficient muration of Fusl
protein. The wt-Fus1- and mutant-Fusl-expressing plasmid vectors
were tsed to transféct Fasi-deéficlent human NSCLC NCI-H1299
cells, The expression and posttransiational modification status of those
wt and mutant Fus1 pmtem': were analyzed by SELDI-TOF-MS on an

* http #bioinfo.welzmann.uc.ilcards-binfearddisg TFUST.
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the tetls to UV iractinrion (100 joolés for 5 mim B Wi-38
and in pon-small el Tung cancer (NSCLO) ells, . :

The sane blois were also probed for Bactin o ' )
enstire equal doading. C-J. immannfluorestence PBS CI
intipe gialysls i we-FUSL-transfected H1209 cells

with FITC-conjugsited rabbit anid-Fust antibodics s g

{C) and immunehistockenical annlysis of Fost pro-

Fusi

1ein espresston in normal Jung cells (D and ),
© brosichii! epithetial ¢ells (Fy, und primasy tung n-
oot el (G-J) in Tormatindixed. psmfﬁn‘mbcd-

B-Actin

ded tiscue snmples. wi-Fus? has g typical mitochon-
dritfendoplasmle reticutum membrane losafization
in eytoplusm (), Expression of Fusl was détected
in cytaptaso in normat tung (0 and £ and bron-
chila) epithelia ¢Fy, Fuct expression was also de.
teoted in somie tumor ¢ellsiin one primary NSCLC
(6 but wis undelzetable i other primary NSCLC
ol Hngs (M-8 when we used rabbit snti-Fust
polyclonal antibadies at 3 12000 dilution. Mapi-
fiensiony: X400 (Gy X 1000 (D-F, H-D,

anti-Fus! ACPA ((‘iphcr‘gm’ Biosystems, Fremont, CA; Fig. 2A). The
expressed Fust proteins in transfected H1299 celly were speeifi cally
captired on the protein chip and detected in the SELDI-TOF-MS
spectra (Fig. 24), but rio protein pedks at corrésponding mass posi-
tions were detected in the spectra with an anti-101F6 (a protein with
encoding gene colocated in 3p21.3 region with FUSI) antibody-
codted chip a8 8 nonspecific control (Fig. 2B). The wi-Fus! protein
was identified as a myristoylated protéin based on the detected mass
of the captured wi-Fus! protein (Fig. 24). which showed a protein
pesk with a m/r ratio of 12,174 + 6.25 Da compared with the
predicted mass of 12,072.98 Da for the nonmyristoylated wi-Fos! or
12,174.2 Da for the myristoyl-Fus1 protein, The myristoylation-defi-
cient mutant {12,024.6 Da) and the COOH-terminal deletion matant
{8,783.5 Da) of FusT protéin were also captured and deiccted on the
protein array hy SELDI-MS by comparing them with their calculated
masses (Fig. 24). No captured Fus proteins were detected in vither
the untransfected or pLacZ-transduced cells (Fig. 24). Or the basis of
the 232-Dé miss shift between the detected myristoylated Fusl
(12,174 Da) and the predicted nonmiyristoylated Fus? protéin (11,942
Da; without the first methionine residue because the methionine
residue is removed during myristoylation), we predict that the Fusl -
protein is deylated at the G, with a 14-carbon myristate (C,4H,,0,:

- %‘f‘j

2284 Da). The mytistoylation of Fusl protein was also confirmied
by immunoblot analysis and immunoprocipitation anaiyxi‘e of the
MC-myristate-labeled and acylated Fusl protein in the pFUSI-
transfected cells (Fig. 23).

Defect of Myristoylation 6f Fusl Profein in Primiary Lung
‘Cancer. Because mutation of FUS] is'infrequent and no evidence Has
been found for methylation or mutation of the FUST promoter repion
in lung cancers, other factors, such as haploinsufficiency, Tow expres-
sion, shnormal products arising from aherrant mRNA splicing, ‘and
posttranslational modification of Fusl, may play important roles in
lung tomorigenesis (2, 3). We used ACPA analysis with SELDI-
TOF-MS fo evaluate the protéin expression and myncmyhnon §tatus
in ptimary lung fumor and uninvolved notiial lung fissie samiples.
Molecular analysis of tumors and their precursor lesions reguires the
isolation of specific cell subpopulations (nérmal, prenzoplastic, and
turnors) from @ composite background of niultiple cell types in tumor
tissue biopsies. This was accomplished with LCM technology (16).
To evaluite Fus] protéin expression and postiransiational modifica-
tions i’ hurhin lung tumors and noninvolved tissues, we tsed LCM
comibined with appropriate tisste préparation methods to Separaie and
enrich tumor or noninvolved normal cells, and the resulting separated
cell populations {~500-1000 cells) were used for the Fusl-specific
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Fig. 2. Detection of myristoyledon of Fus! protein by surface-enhanced laser desorptionfionization time-of-flight mass spectrometric analysis on an anti-Fust antibody-captre
PeoteinChip ary (ACPA). A, Getertion of Fus! protéink ¢aptared on the ani-Fus! antibody-cdated préacrivaed sifice (PS20) chip ' wilditype (wt FUSH or myristoylated
mutant- FUST Omsr-mur-Eue?)-contalning plasmid-transfected HI299 colls. The myristaylated Fus! proteins are detceted as u péak with a Mass of 12,174 Dy, and the ndnmyristoylared
Bust (moyr-mut-Fusl} is detected with a mass of 12,034 D compared with the caleulated masses of 12,174 D for the myristoytated wt-Fis1 and 12,025 Da for the myr-mut-Fus!,
tespeetively, No edrrexponding proteing were detected fn either PBS motk of LovZ contio! cells. B, ACPA asssy with PS20 chips corited withs fiorispecific antibodies (antl-101F6), No
Fust proteing wers detected in these mass spectra when the same protein lysates 85 ¥n A were applied. C-R, derection of stitus of Fis) protein expression and posnransiational
msdification in licer-capture midiodisségtion.enriched human primary fung tumor {7) dnd sdjacent noninvolved normal (N) cells, shown as ruprescomitve poirs (pair £ and F through
prir 0 and K5 from 15 fissue samples tested By ACPA ussay oy described in B. The prowin lysites preparsd from wild-type FIIST (Wr-FUS2)- (C) o myristoylated mitant-FUS!
{(Myr-mse.FUS I transtected (D) H1299 cells were used as positive controfs. A single peak of myristoylated wi-Fus) peorein with:a mass of 12,174 - 5.2 Da was detected {n novmal
oifls, whereas two peaks, mae With a mnss of 12,174 Da, corresponding 1o the miass expected for the myristoytsted wi-Fus! protein, and anofler with # muss of 12,075 & 8.5 Da,
voiTesponsding w0 the mass of the noninyristoylated wi-FusT protein, were detédted in tumor Gells. In some tumors, these peaks were not détected. S, Wester blot (WB) dnd
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Fig. 2 Continied

ACPA analysis by SELDI-TOF-MS. We found that only myristoy-
lated ‘prowin species cowtd be detccted in normdl cells (13 of 15
P = 00003, nonpararisetric 2 X 2 contingency table: McNemar's X
test) but that both the nonmyristoylated and myristoylated Fus? pro-
tein were detecied in tamor colls (5 of 15 samples) P = 0.0442) as
indicated by detéction of n peak corresponding to the Fusl protein
miass on the mass spectra (Fig, 2, C-R). In-some timor samples (7 of
15 samples; P = 0.0030), neither form of the Fus? proteins could be
captured (Fig. 2, 7, N, P, and R), cbnsistent with the resalts of the
immunohistochemical analyses for these wymor and normial tissue
samples. Thé emaining three samples iested were unresolvable be-
vause of the dimbiglivus spectra {$pectra not shown), The difference in
the ohserved Fugl _protein myristoylation statos between the normial
and the tumor cell populanom was significant as indicated by a
nonparametric McNemar marging) homogeneity test for the equality
of catagorical responses from two pmred and dependent populations
(P < 0.001).

Proteasome-Dependent Degradation of Nonmyristoylated Fusl
Protein. To explore the possible mechanism(s) for the involverient
of the nonmyristoylated (or démyristoylated) Fus! protein and the loss
of its expression in primary Jung cancer, we evaluated the stability of

izazsth'

the exogenousty expressed wi-Fusl and myr-mt-Fus] proteins in
H1299 cells. We found that the duration of transient expression of
myr-mt-Fus] protein wis much shorter than that of wt-Fusl, Myr-mt-
Fusl protein expression pedked at ‘36 h' posttransfection and was
almost undetectable after 60 b, whereas the wi-Fusl protein was
expressed at high levels beyond 60 h posttransfection (Fig, 21). The

Half-life of the mgr-mt-Fus] protein was shorter than that of wi-Fus]
{~6 h for the former and 12 h for the later), as shown by pu]«ewchavc‘
of protein synthesls after treatment with the protein synthesis inhibitor
cycloheximide (Fig. 2U). These results suggest that nonmyristoylated
Fus1 protein may be degradéd more rapidly than the miyristoylated
form. We therefore investigated the effect 6f the protedsorie inhibitor
(17) MG132 on degradauon of Fuil proteins. We found that the
nnnmym!oylaled Fus1 pm‘rem levels increased in myr-mt- -FUSI-
transfected H1209 cells trested with varions concentrations of MG 132
(Fig. 2V). The MG132-induced recovery of the myr-mt-Fus1 protein
could be detected at a very low level (1 pu: Fig. 2V) and was
mdcpendcnt of protein synthesis, as demonstrated by significant pro-
tein accurmilation on treatment with 10 um of MG132 in the presence
or absence of the protein syfithesis inhibitor cycloheximide (Fig. 2W),
with no effect shown on wt-Fus1 protéin under the sanie experimental
conditions (Fig. 2W). These results suggest that mynstoylancn may
stabilize Fus? protein and that demyristoytation' may lead’ to rapid
degradation of Fus1 protein through a proteasome-dependent path-
way.

Disrupted Subcellular Localization of Myristo;ﬂation-l)eﬁcmm
Mutant of Fus1 Protein. One potential function of protein ryrig-
toylation is the facilitation of efficient interactions with cell mem-
brancs necessdty for correét subcollular localization (18-20). We
therefore anialyzed the subcellular Jocalization of mynsmyl'mon-
positive wt-Fus1 and the myristoylation-deficient mt-Fus] proteins in
plasrid-transfectéd H1299 cells by immiunofludrescence image arial-
ysis using FITC-conjugated anti-Fus1 dntibodies (Fig. 33, A-D). The
wiyr-mt-Fus1 protein lost its chardcteristic’ intracellular membrane
localization (Fig. 3, C-and D). suggesting a critical role for mynstc\y
lation in the cellular locatization of Fust protein.

Myristoylation Is Reguired for Fusi-Mediated Tumor-
Suppressing Activities in Vitro and in Vivo. To evaluate the blo-
{ogical role of myristoylation in' Fus] protein-mediated tumor sup-
pression, we compared the clonogenicify of the ‘wt-Fusl- and myr-
mt-Fusl-expressing HI1299 eells in vitro (Fxg 3, ¢ and H). The
expgenous expression of both the FUST genies and proteins in these
H1290 transfectants was confirmed by reverse transcription-PCR
(Fig. 3E) and by Westcrn blot (Fig. 3F) analysis, respectively. Sig-
nificant inhibition of clonogenicity was observed in myristoylated
wi- FusLexpressmg H1299 cells, but no significant growth inhibition
was obscrved in myr-mt-Fusl-expressing cells compared with the
Fus1-nonexpressing controls (Fig. 3, G and H). The COOH-terminal
double mitation of Fus) (dnit-Fusl), which was thioretically ex-
pected 1 sevetely alter the hydrophobic and conformational proper-
ties in this regionof Fus1 protein, was stil) able to- szgmﬂumtly inhibit
clonogenicity, similar io the effeel of wi-Fusl (Fg. 3, G and H),

We evaluated the effects of wt-Fus! and myr-mit-Fus1 protein
expression on tumor growth in H1299 s.c. tumor xenngrafts in munn

Immunoprecipitation Western tlot (/P-WE) analyses for verification of myristoylation of Fur! preteins in B 250 wansfectants. F1299 cells were transfected with dither wild-type FUS1
Gut-FUST or myrisoyiation-deficient muant-FUST (myr-me-FUST plasmid vectors for 48'h and then’ incabated with C-labeled myristic acld (MA; ‘American Radiolabelad
Chemieals, St Louls, MO) i o final concentration of 5 uCismi for 90 miin. Crude firotein fysate (R0 pgd was toaded in £4¢ 1ane for WB, and 1-2 mg of prowin Jyshee with 1-2 g
of anti-Fust sntitodies were used for 1P, T snd U, £ffect of myristoylation o0 Fus! protein synthesis aad stability by WB analysis dusing 2'60-h fime course pmumnsfecﬂm (7) sud
withy & 3-hIntervat pulse chase after treatment with 'S0 pw of protein synthesis inhibitor eycloheximide (cHA: Uy in wrld-xype~FUSI (W:—FUSD (i ;xmcm or myristoylation-deficient
ithnt-FIS? (Myr-rr-FUSI-ransfected (right panels) B1299 cells. V and W.etfect of prteisomie ibhibitor MGI32 on demyristoylation‘induced degradation of Fust proteins. H1299
“pells were wangfecred with wi.FUST o myr-mt-FUS] plastild DNAS for 24 b gnd then treated with DMSO (Lans 0) and varfous concentrations (1-50 ps) of MGT32 (V), or were
treated with 10 pv MGI32 in the prescace {+) o abserice (~) of 50 us cycloheximide (W), Expression of Fus! proteins was snalyzed by WB with anti-Fus! antibodics, Those

experinnis wWere earvied ut feast tivice with duplicates for cach.
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Fig. 4, Effects of myristoylation on Fus! protein
subceHular Jocatization and Fus)-medisted numor-
suppressing astivity in vitro. A=, immunofliores-
cunce imuge aratysis of Fus! protein expression
and subcellutar tocatization. H1269 cells” were
ransfectisd with pither wild-type Pusi-expfessing’
A and By or myristoylation-deéficlent mutant-Fusl-
‘expreasing (€ and D) plasmid vectors. Fusl pro-
wins were probed with FITC-conjupated anti-Fust
antibexdy (prvem), dnd the nucléus was stained with
Hoechst dye (bl Sigrma Chemnical Co,, 8t. Louis,
M), £ and F, expression of Fus! genes and pro-
teins in H1200 fransfectanits were verified by ve-
verse transerption-PCR () and by Westert' blot

E

slysdn (F), we-F 181, wild-type Fusly Myrme
FUSH, myfistoytationdsficient mutant-Fust} D
FUSH, double-nsant Fuxt; GAPDEH, plyceralde-

iyde-3-phosphate dehydrogenase, G and H, effect
of myrisroyiation of Fus) pioteds 6 timbr cell &

dedvid  mopenloky fn vird, HI299 eelly et
(1 % 10%) ware- yranstected with plasmid DNAs in B s e
sy, "The witdtype (we-FUSH, myrixtaylation-
déficient ‘mutstlt (Myr-me-FUSH, of- hydrophitic MR AP

double motant {dea-FUST) of Fusl-miprossing

plasmids were coteansfected with the seamyein-
resistant gene-contuining pcDNALL vector; the
PEIINATL vevtor slone and the feDNAZT plus
WEpS3 plasmid were used &s negative and piositve:
controls, rexpectively, The sumbers of G418-resist-
a1 potonier were epunred ufter staining with Crys-
ud Violet (07, and the quiantitative snalysis i
shown in H. The experinents were repeatéd at least
Whree Gnus. The bors represent the SD, sdd the
differences bitween the peDNA3Y “vectar aland
and gxch westing ‘construst was analyzed smfisd-
eally by two-tailed Stdent’s 1 tost. P = 005 is
cangidered signifivine

140+

Number of Colonies

S i

i S 3.

i

mijce by intratumoral injection of N-[1-(2.3-dioleoyloxyDpropyl]-
NN N-rimethylammoniummethy!  sulfatecholesterol complexed
with either wt-FUSI or myr-mt-FUS1-expressing plasmid DNAs
(FUSI lipoplexes: Ref. 21y along with PBS as a mock eontrol and
LdcZ plasmid vector as & negative contral (Fig. 44). The human
NSCLC senograft model, DNA lipoplex preparation, and treatment
procedures were as deseribed previously (4, 6, 21). Tumor growth was
recorded from the first injection dntl 31 days after the last injection.
Tumor volirhes were normalized by calculating the percentage in-
erease in tumor volume afler treatment relative to volume at the
bepinning of treatment In each group, All of the tamors {reated with
Wi-FUS] showed significantly Suppressed growth (P <« 0.001) com-
pared with mouse groups treated with PBS or placZ contsols
(Fip. 44). However, the tumor-suppressing activity of the myristoy-
lation-deficient mutant (myr-mi-FUST) of Fus1 protein was signifi-
cantly reduced compared with wi-Fusl (P < 0.001), although it
retnined a small inhibitory effect compared with the PBS and pLacZ
gontrols (Fig. 4A4).

We also evaluated the effect of the myristoylation of Fus! protein
on development of Ting metastases, using the human NSCLC A549
xefiopraft metdstasis mousé model by systemic ( i.v.) administration of
the wi-FUST or myr-mt-FUS/ lipoplexes compared with PBS, pLacZ,
and the lung cancer-originated COOH-terminal deletion mutant of
wi-FUSI and dint-FUS! plasmild vector contiols (4, 6). The develop-
ment of AS40 pulmonary metastases was significantly inhibited
(P < 0.001), and the numbers of metastatic tumar colonies found on
the surfaces of lungs from mice inoculated with AS540 cells were
seduced >85% in animals treated with wi-FUST compated with those
in contro! freatment groups (Fig. 4B). However, no significant reduc-
tion (P < 0.003) of metastasis formation was chserved in animals

PcDNA3M1

wit-p53 wt-FUS1  myr-mt-FUS1  dmt-FUSH

treated with shyr-mt-FUSI. The formation of metastases was signifi-
cantly reduced (P < 0,001} in anfmals treated with dnt-FUS/ com-
pared with those controls treated with either PBS or ZacZ, but the
inhibitory effeét was weaker than that observed in thé Wt-FUSE-
treated group (Fig. 48). The size of any remaining shietdstatic timor
nodules, as shown in H&E-stained sections of mouse lung tissues
(Fig.-40). was reduced in animals treated with wt-FUST but not in
those treated with myr-mt=FUS?, compared with cither PBS or LacZ-
treated controls. We analyzed the infuction of apoptosis in these
Fusl-expressing tumor cells by in situ apoptosis analysis with FITC.
dUTP-labeled TUNEL staining (Roche Biochemicals; Fig. 4, D-J).
Induction of apoptosis was detected in the wi-Fus1-expressing tumors
(Fig. 4E) but riot in myrnt-Fus]-expressing (Fig. 4F) or PBS-treated
(Fig. 4D) tumorg, providing direct évidenee for the nieed for both Fus!
expression and myristoylation in Fusl-mediated tumor suppression
and apoptosis. in vivo. :

Discussion

Our stadies present the first evidence sopporting the biological
importance of myristoyl modification of a TSG product and warrant
further study of the role of the éxpression and positranslational mod-
ification of Fus1 protein in thé pathogenesis-of lung and other human
¢ancers. The N-myristoyl modification of proteins is achieved by &
cotranslational linkage of myristic acid via an amide bond io the
NH,-terminal glycine residiies of a variety of cellular and viral pro-
winis in eukaryofic cells (22), Covalent modification of proweing by
fatty acids such as myristate and palmitate is now a widely recognized
form of protein modification, and ~100 proteins are known fo be
fnyristoylated (18, 20). N-Myristoy] proteins play essential roles'in
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Fig. 4. Effeet of myristoylation of Fust protein on "Fust-medisted tamor-supprossing
aerivity in vive, A, effest on HI299 tuman timer xenogtaft growth i aude mice, Human
at-seall ool lunp canier H1299 ells wore inoculated s.c. n nisde mice. When thie tumor
feached 5-10 mm in dlameer (2 weeks after umor inocutationd, N-[1-2.3-dinlenyl-
axyDpropyt]-N N Nargmethylanmonfumimethyl sulfate-cholesierol-complexed wild-type
FUST (wi-FUST or myristoylution-deficient FUSI (myr-nr-FUST) phismid vectors
(#1351 Tipoptex) was injected into the tamors three times within' | week, PBS and LacZ
were tsed px mock and negative conteols, respectively, Resuhs are repored 8% the
mesn = SD for 510 mice in each treatment group. Tumor volumics were fiormialized by
the percentage increase of wmor sizes aher weatment relative 1o those at the begioning of
the tremtrent in caéh group. The mean mor vohimes % SE (bars) from these experi-
ments are shown, ANOVA was performed ty determine statistical signtficanice between
ok wenment group, using Sttistica software (StatSoft Ine., Tulsa, OK), atid P = D.OS
was considered ignificant. B, ‘effect of sysemic administrtion of FUS? lipoplex on

diverse biological functions, such as regulating cellular structure,
directing protein intraceliular localization, mediating protein-profein
and protein-substrate interactions, and regulating calciom and fon
channé! activities 18-20, 22). The requirement for myristoylation of
the viral p0src protein to mediate irs transforming and oncogenic
properties demonstrated the biological importance of this hydrophobic
myristoy! molety (23). Recent génetic, biochemical, and cell-biclog-
ical studies have provided insight into the molecular mechanisms of
the regilation of protein myristoylation and explored strategfies for
modulating this protess in wivo for therapeutic applications (18-20,
22). Our present evidence that primary lung cancers are deficient for
mytistoylation' of Fusl protéin and that myristoylation is required for
Fusl-mediated tamior suppressor acivity in vitro and in’ vive dlso
indicates the eancer-preventive and therapeutic potential of positively
regulating or reactivating myristoylation for Fusl,

Although the mechanism of denyristoylation is not known, demyr-
istoylation of the myristoylated dlanine-rich C-kinase subsirate, as
shown by electrospray miass spectrometry arialyses of the myristay-
lated and demyristoylated forms ‘of myristoylated alanine-rich C-
kinase ‘substrate proteins, has been found in brain (24), and the
rediiced éxprassion of myristoylaled atanine-rich C-kinase substrite’
has been reported in various cell lines afier oneogenic or chemical
transformation and in melanoma cells compared with normal choroi-
dal miclanocytés (25). The existence of a nonmyristoylated pool of 2
G protein « subunit (Gpalp) i ‘yeast hds also been repoited, and
myristoylated Gpalp is required for specific targieting of the protein to
the plasma membrane; however, it is not clear how the nonmyristoy:
lated proteins are penerated and maintained (20, 26). Because point
mutsdtions of FUSTaré infréqient, no futation has been identified in
its myristoylation site, and no evidence of epigenctic DNA methyla-
tion has been found in the FUS promoter region’in hung cancers, the
observéd reduced or 1ost expression dnd the deficient myristoylation
of the Fusl proteins in primary lung tumor cells and tumor-derived
cell Tines prabably results from a deregulated mytistoylation process
or the accelerated proteasome-dependent degradation of demyristoy-
lated Fus? proteins. :

Because ‘most Tung cancers experienice allelic loss in this 3p21.3
region, haploinsufficiency may play a critical role in inactivation of
Fus! protein in lung cancer (3). In a diploid organism, esch gene
exists in two copies, in contrast to haploids, in which each. tell
contains & single copy of the genoie. When one of the alleles s’
mutated or deleted, there is an~50% reduction in the level of proteins

develophient of AS40 experimental lung tetistises in vinde mice. All anfmals received
Liv. injections of vatabs lipoplexes every 2 days (thrie i) &t 3 dose of 25 g of
plasmid DNA and 10 amol of lippseme each in 100 pt of 5% dextrose in water per anfmal:
PBS alode was used as a mock contro} und LacZ as 8 negative control, Bach teeatment
group consiswid of 10 dnimals. Lodgs were hurvested 2 wieeks after the Jast njection, dnd
metastatic colonies on the suffaces of lung were counted ‘without kiiowletige of the
treatment groups, Bars vepresent SE. A nonpatamesic ¢ test (Wald-Wolfowitz runs testh
was performed to determine the statistical significanice between dach freatrient group,
uiing Siatistics aoftware {StatSoft i), aed P = 0,05 whs considered sipnificant,
Significant inkibltion of memstisls development wis observed in milce trelted with
witd-type FUS! (wi-FUSE P < 0.001) and double-mutant-FUST (Dar-FUST, P < 0.001)
compared with mits reaed with PBS or LacZ. bit there wiis no significart inhibittlon 'm
mive rested with mydstoylation-deficient FUST (myrani-FUST, P ="0.897). The repre-
sentative India ink-swined lungs wnd H&B-swined” formatinfixed, paratfinembedded
fissue sections in each treatment group are shown in €. The whire spots on the lunip
surfaces indicate the mictastatic timor-tolonies, D-7. induction of apoptosis by wt-Fus!
expression in vive: The AS49 experimentsl metastasis tumar-bearing mice were fremed
with Fus! lipoplexes three tines within 1 woek at the samé dose as in 8. Forty-eight h
afier the last treatment, aniisls werd kitled, and the ungs were Harvegied ind freshly
frazen. Induction of apoptosis was andlyzed nsing su'in ity apopiosis detection kit with
FITC-dUTP-labeléd terminal deoxyriuclzotidyl transferise (Td-mediated nick end label-
ing 4o (Roche Bit icals), and florescence Images were exatiined under 4
fluorescence microscops and tecorded with an equipped digital vamera (D-F), Tumor’
marphialopy is shovert tn photographs G-, iaken at the same positions as sbave D--F winder *
& regrutar optical light source; The hemitorylin-stained fissiies from the sartie Samples but
in differont scotions wers shown in photopiaphs J-L. ’
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synthecmd Generally, the haploinsufficiency occurs when the level
of proteins synthesized falls below a threshold level and § is insufficient
for the onset of some desired biclogical activity, leading to specific
typr:s of diseases or pathological changes. I our case, the haplotype
in the 3p21.3 region where the FUSI gene is located may lead to a
reduction or lass of FUST protein synthesis and deficiency of myris-
toylation, thus inactivating FUS] and leading to the development of
lung cancer. “The inportance of TSG haploinsufficiency in tumor cell
blology has recently drawh ingreasing atieftion, and it may have
profound effects on gene wanscription, protein expression, postirans-
fatlonal modification, stability, and does-dependent activity of TSGs
beeatse of the tesulting decreased genomic. stability, unbalanced

chromosomal spatial symmetry, ificreaséd susceptibility to stochastic
-defays of peneinitiation, altercd transcriptional and translational stoi-

chiométry, and infernipted gene expression (27-33). Although point
mutations are rarely found in 3p21.3 genes in lurig and othéer cancers,
the sceaimnlating evidence strongly argues that the extensive genomic
changes (gaing or losses of genetic material) collectively known as
aneoploidy. which ocenrs frequently in lug cancer, particularly in
adenocarcinomid, may collaborate with fitragenic mutations during
tumorigemm and that changes in gene dosage may be maodulated by
the presence of adjacent genes with antagonistic activities, such as

growth promotion and inhibition, a condition referred to as classic

linkage ﬁxsz:quihbnum {34). Thése observations rdise the possibility
that ancuploidy in chromasome 3; mutations of some eritical check-

point genes, such as p53, R, or Ras; and inactivation of the adjacent
gatekeeper geney, such a§ PTPRG, FHIT, or VHLin the 3p region may

‘influence the transcription, ranslation, and posuranstational process-

ing of loss of heterozygosity-associated 3p21.3 genes such as FUST to
pérmit emergence of prowmorigenic gene dosage changes or gene
product inactivation that may facilitate early tumor development,
inhibit ccll proliferation, and induce apoptosis.

Our findings point 10 an essential role for protein myristoylation in
human cancer pathogenesis and warrant further studics of altemnative

‘mechanisms involved in the inactivation of novel TSGs. Our results

also suggest that it may be possible 1o prevent and délay fumorigen-
esis by neutralizing the effects of 3p haplotnsufficiency before pro-
gression of premualignant lesions to invasive cancer and to suppress

‘tumor growth by inducing apoptosis and altering cell cycle processes

afier tomor onset through wi-FUST gene transfer.
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ABSTRACT

Aberations 6f thé tinior suppréssor genes FHIT and p53 are Iré-
quently assoctated with a wide range of human cancers, including lung
cancer. We studied the ¢ombined effects of FHIT and ps3 protéins on
tumor cell profiferation and apoptosis in human non-small celf Tung
caréinomy (NSCLC) cells in vitfo and on tuinor growth in animal models

by sdenoviral vector-mediated cotransfer of wild-type FHIT and p53

genes. We found that the coexpression of FHIT and p53 syacrpistically
intiibited tiomor céll proliferation in NSCLC cells in vitre and suppressed
the growih of human tumor xenografts in nude mice. Furthermore, we
found that this synergiatic tnhibition of tumor cell growth corresponded
with the FHIT-miediated inactivation of MDM2, which thereby blocked
the association of MDM2 with pS3, thus stabilizing the p53 proteln. Our
résults therefore reveal & hovel muoleciilar methanlsm consisting of FHIT-
mmlla!ed tumor supprcwan and ﬁm interacﬁon of FAIT with other
ings show that combination treatment wivth synerglshc mm_ur-supprcs_s!ng
gene therapy stich as AS-FHIT and Ad-p52 may he an effective therapen-
{ic strategy for NSCLC angd other dancers.

INTRODUCTION

The pathogenesis of lung cancer involves o multistep process of
geietic and moleculdr changes. Gendmic dberrations involving himan
chromosome 3p are the most frequent and earliest genetic' events in
Jung wmorigenesis and may affect several mmor suppressor genes
and oncagenes in this region (1), One such tumor suppressor gene is
the FHIT gene that is Tocated 4t 3p14.2 and spans the FRA3B fragile
site, which i$ very vilnerdble 10 environmental carcinogens and, in
hurnan cancer, is frequently involved in allele loss, genomic rear-
rangement, and cytopenetic sbnormalities (2). Indecd, genoniic alter-
ations of the FIJIT gene and resultant deficient expression of the FRIT
protein have been associated with many types of human gancers,

including those of the lung, breast, cervix, colon, panereas, stomach,

gnd kidney (2).

The FHIT gene encodes a protein composed of 147 amino acids and
is a member of the histidine triad (HIT) nucleotide-binding protein
superfamily ¢3). Severa! lines of experimental evidence, both in vitre
#ud in vivo, have sipported the tamor suppressor role of the FHIT
gene, For example, the exogenous expiréssion of FHIT profein in
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FHIT-deficient human canéer cells inhibited wmor cell protiferation”
in vitro (4, 5) and suppressed turnor growth and tumorigenicity in vivo
{4, 6) by altering the cell cycle and inducing apoptosis. In addition,
using an FHIT transgenic mouse model, Fong er al. {7) recently nioted
that the FHIT-heterozygous (-+/—) mice developed multiple visceral
and skin tomors similar to those Seen in patients with Torre’s syn-
drome, which is caused by a déficiency in 2 mismiawch repalr gene.
Conversely, the reintroduction of the wild-type' FHIT gene into the
FHIT-deficient mice prevented tumor development (8). The molecular
mechanism involved in the FHIT-mediated tumor-sappressing activ-
itie remaing to be elucidated, bowever, '

The tumor suppressor gene’ pS3. on the' other hand, is a well-
established cellular gatekeeper that plays an imporiant role in the
regulation of numerous biological processes, including cell prolifer-
ation, cell cycle progression, -apoptosis, and tumor surveillance (9).
The p53 gene is also the miost Trequently muthtéd gene n human
cancers (10) with >50% of NSCLCs processing a nitation ‘ini this
gene (11). Transfer of the wild-type 553 gene, on the other hand, has
proved effective in suppressing the proliferation of tumor cefls bear-
ing mutated p33 as seen jn vitro, in animal models, and in patiénts
with ¢antier (12-15). However, because wiany cancer cells, including
lang ‘cancer cells, express wild-type pS3 and most tumbors are a?so
heterogeneous with respect to their p53 status, p53 gene transfer alone
may be insufficient to suppress tumor cell grovth becavse of the
genéral resistance of the wild-type p53 ?-axprésqmg tumor gells t6 p53
gene transfer (12, 14, 16),

Although the efficiency of p53 i preVemmg cell pmhferatmn fsa
strong deterrent 1o malignant progression, the activity of p53 iy txghtlv
regulated by divergent extraceﬂular and intracellular signals thmugh
the mechanisms that result in degradation, stabilization, or accumu-
lation of pS3 protein (9, 17). One protein that plays an essential tole
in the regolation of p53 {s the MIDM2 protéin, which functlons as a
wbiquitin ligase for p53 (17-19). Multiple cellular pathways also exist
in‘the regulation of MDM2 activity (17-19). Ong of the mechanisms
that dre potentially responsible for the resistance of wild-type ps3-
expressing tumors o pS3 gene transfer may be imposed via ancgative:
feedback pathway of p53 and MDM2 in which the introduction of
exogénous p33 induces the overexpression of endogenous MDM2,
which, in tamn, results in rapid degradation of the p53 protein in the
uhiquitin-proteasome system (20, 217,

We atd others (4, 5) have studied the effecis of FHIT dnd p53 on
imor céll proliferation and apaptosis in the context of diverse bio-
logical activities, especially the ability of FHIT to induce apoptosis
arid aler cell ¢ycle kinetics in various wypes of cells and the apparent
link of the FHIT genomic sherrations to the integrity of pi3 function
in lung tumorigenesis (22). In this study, we nsed the adenoviral
vector-mediated cotransfer of FHIT and p53 in NSCLC cells with a
varying p53 status to evaluate the {nteracrion and therapeutic patential
of FHIT and p53 gene coexpression by using isobologram modeling.
We also sought to clucidate the molecular mechanism involved in the
tufhor suppression activities mediated by thc interaction ‘between
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SYNERGISTIC TUMOR SUTPRUSSION BY Ad.pS3 AND Ad-FHIT

FHIT and p33 proteing in vitro and in vivo. We present here the first
evidence that the coexpression of FHIT and pS3 synerpistically in-
hibited tumor cell proliferation in both p53-sensitive and p33-resistant
NSCLC cell lines in vitro and suppressed the growth of p53-resistant
timor xénografts in nudé mice. We also demonstrited that the syn-
ergism of the FPHIT- and p53-mediated twmor-suppressing activity
was associated with the FHIT-mediated inactivation of MDM2 and
the subseguent stabilization of the p53 protein. Qor results provide
insight into the interaction of PHIT and pS3 and the FHIT-mediated
inhibition of tumor ¢€ll growth and regulation of p53 activity and
sugpest novel strategies for cancer gene therapy.

MATERIALS AND METHODS

Cell Lings and Cell Culture. Four human NSCLC cell Tincs, AS549,
H1299, H322, and H460, with 8 varied pS3 gene status of and deficiency of
FHIT prowin exprossion were ased for both i virrs and in vive éxperiménts.
The A549 Hne, which consins wild-type p$3, was miintained in Ham's P-12
medium supplemented with 10% FCS., The HI299, H322, and H460 linés had
#n internal homorygous deletion of the pS3 gene. s mutated pS3 gene, and the
wild-type p53 gene, respretively, and were maintained in RPMI 1640 supple-
mented with 10% FCS and 5% glutamine. Nornia! humén bronchial epitheliat
cefls were obtiined fram Clonetics, Inc. (Walkersville, MD), and eultured in
the mediom supplied by the manufacturer according 1o the instructions pro-
vided. Thé norrmial hurman lung fibroblast line W1-38 and immortalized human
bronchial epithelial cells were maintained in MEM Earle’s BSS with 10% fetal
bovine serom and 5% glutaiming and used as normal cell control. All cells were
icitbated ini & humidified incubator supplied with 5% carbon dioxide. All cell
cuttures were tested regularly for possible mieroplaseia contamination.

Adenovira! #nd Plasmld Vectors. Recombinant adenoviral vectors Ad-

p53 ind Ad-FHIT, which contain the wild-type p53 gene and an FEIT gene, -

respiectively, were used 48 péric therapy agents, nd either Ad-LacZ, which
containg @ Begalactosidase gene, or Ad-GFP was used as a nonspecific

‘negative eontrdl, Constrovtion of these retombinant adenoviral veéetors has

beed described previously (4). Viri stocks were prepared by the Veztor Core
qulu), st The University of Texas M. D. Anderson Cancer Center (Houston,

TXK). Viral titers Were determined by absorbance medsurements {viral particles/
!y and plague assays (plasque forming units/mb). Poiential contdmination of

ihe vira! progarations by a wild-type virus ‘was monitored by PCR analysis.

Exptession plasmitl vectars confaining the cDNA of FHIT, HEM2, 1acZ, and

GFP genes were used to transfeer NSCLC eells using 8 FuGENE 6 wansfect

repgent (Roctie Molaéiilar Biochemicals, Indianapblis, IN).

Immunofiucrescence Staining. Cells were first cultured in chiamiber stides
and treated with adenoviral vectors at varions muldplicities of infection (MOT)
for 24 h. Cells were thien fixed with 4% paraformatdchyde in PBS (pH 7.4) for
30 min ondee. Cells were rinsed wice with PBS and pernteabilized with 0.2%
Titon X-100 for 10 mip. For iimunostainifig, cells were incubated with rabibit
anth-FHIT (Zymed Laboratories, South San Francisco, CA) and miogse anti-
P33 or anti-MDM?Z (Sasita Criz Biotechnology, Santa Criz, CA) antibodiés
diluted in PBS containing S% BSA for 1 h at room temperature. FITC-labeled
antifabhir 1gfis and rhodamine-labeled antimouse IgGs (Chemicon Tntema-
tional, Temecula, CA were diluted 1:200 in PRS, and the cells were incubated
with the antibodies Tor 30 miin. The niclel were sidited by 4" 6-tiamiding-2-
phisnylinddle and then exarhined under an Eclipse E400 fluorescence micro-
seope {Niken, Tokyo, Jupan) eguipped with & Sensys digital camers (Photo-
metiics; Tucson. AZ) and Metamophore sofovare (Universal Iniaging Corp.,
Dawningtawn, PA).

Growth Lihibition and 2,3-Bis|2-mcthoxy-<d-nitre-S-soHophenyl]-2H-
Tetrazotium-S-Carboanilide Inner Salt Assay. Inhibition of tmor cell
growth by adenoviral veetor-mediated transfer of FHIT and p53 genes was

analyzed by quantiatively deterimining cell viahility using an improved 2,3-

bis[2-methoxy<4-nitro-5-sulfophenyl}- 24 tetrazolium-§-carboxanilide  inner

©sah assay (Roche Molecular Biochenicals). PBS wis used &5 a mock control

and Ad-LarZ as a negdtive control. Briefly, cells were plated in 9b-well
microtiter plates at 1 X 10° cellstwell in 100 ui of medinum. One day afier the
cells were plared, 25121 aliquots of medium containing adendviral vectors at
various MOY (viral particlesicell} were added. Cells were then Incubated at

37°C in s’ humidificd atmoxphere under §% CO,. Four day§ aftér tranyduction,

cell viability was quantified in a microplate reader (Mode! MRX: Dynatech
Laboriories, Chantilly, VA) by a 2,3-bis[2-methoxy-4-ritro-5-sulfophenyl]-
2H-tetrazotium:S-carboxanilide inner salt assay acconding to the thsnufactiin-
ef's instrictions. The perceéntage of viable cells was caleatated in terms of fhe
ghsorbency fn treated cells relative to the absorbency in wntriated orirrd! eélls:
Expetiments ‘were repeated at least thrse thmes and tiiplicate samples were
uséd for eath treatment. '

Isobologram Analysis of the Interaction of FHIT and pS3. The effects

‘of the coexpression of two tumor suppressor genes, FHIT and P53, on tiumgr

gell growth in five human cell kiriés (WI1-38, H1299, H460, H322, and A549)
were analyzed quantitatively and statistically i vitro by the improved isobo-
logram method of Steel and Peckham (23). The mathematical operation dnd
statistical afiatysis methods have been deseribied elsewhere (23, 24), The MOI
for the cotransduction were based on the ICy, values determined from edch

individual vecior in- different 8!l Hnes (Table 1), An gqual armbutit of vird)

particles from etch of the two vectors in cotransduction experiment s vsed to

‘bring the tota! vir! particles to the same amount-as those in'4 single vector

ransduction. . !
Apoptosis and Cell Cycle Kinetics Assay. Cells were fransduced with

adenoviral vectors at various MOT basedt on the 1Dy, valiies (Table 1), Seventy-

two'h after transduction, célls werd collected, fixed in 4% paraformaldehyde,
permeabilized with 70% ethanol, washed with PBS, and stained with pro-
pidium jodide solution containing 40 pg/i! prapidium jodide and 10 ug/m!
DNase-free RNase A. DNA fragmentation was analyzed by flow cytomatry,
The percentage of apoptotic cells was shown by the gells ta thé Gy-G, phase.

Tnmunoprecipitation, ntunodepletion, and Western Biot Analysis.
For the preparation of crude cell lysatas, cells wers suspended in immuntipre-
ciphation SDS-PAGE running buffer (radioirimuhopredipliation assay) con-
tairifng 1% NP4D, 0.5% sodium deoxycholate, 0.1% SDS, and a complete ser
of proteinase inhibitors {Recke Molecular Biochersicdls) and Tysed for 20 min
ar 4°C. Cell lysates were passed theough o 23-gaupe needle and briefly
sonicated 1wice for 30 s each. Protein concentrations were determined using
the Bio-Rad ‘protein assay (Bio-Rad Laboratories, Hercules, (CA), For the
immunoprecipitation studies, ¢ell ysates were precleared by incubation with
10 ju} of protein A/G-agarose (Santa Crirz Biotechmology, Inc.) for 30 riin af
4°C and then centrifogation. Each protéin sample (500 pg) was incibated with®
its respective antibody at 4°C ovémighr, followed by incubation with 25 ut of
AlG-agarose beads, After centrifugation, the resultant supernatant was saved
a&s an immunodepleted fraction. The precipitated Béads wers thsn washed thise
tires in radioimmiRoprecipitation assay buffer and once in PRS. The bound
proteins were solubilized by adding 25 4! of SDS- “comtinifng sammpsle buiter.
The crude cell Iysatcs and the immun6pretipitated wtid Tmimiinadeptered sam-
ples were used in standard SDS'PAGE and Western blot analyses, '

Quantitative Real-time Reverse Transrrlption-P(‘R (RT-PCR). Thit
TagMan probe and primiers Tor the MDMZ gone were desipried wsing Prifner-
express software (Perkin-Elmer Applied Biosystems, Foster City, CAY and
synthesized by the samie mannfactutér. The hirndn’ gehamic DNA or 101l
RNAs were used a5 témplate standards, and the human S-actin or glysemdv
hytle-3-phosphate dnhydmm:mzsc TagMan probes and primers wers Used a%
thiir respeétive infértal controls. Tatal RNAs were Tolated from' Ad-FHIT-
and Ad-pS3-ransduced tumor cells using Trizo! reagent (Life Technalogias,.
Inc:, Grand Island, NY), as instructed by the manufaciurer; anid RNA samples
were treated with DNagé (Life Te(}malogmq, Inc.). Real-ime RT-PCR and the
quénitification of RT-PCR products were performicd andl the products analyzed
using & TagMan Gold RT-PCR Kit, an ABI Prism 7700 Sequence Detection
Systern, and the appropriate software actording 16 the idsufactirer's instroe.
tions (Perkin-Elmier Applied Blosystems). o

Efficacy of Combinatlon Tredatmient with AQ-FHIT and Ad-p53 in
Animal Models. Al animals were mdintainéd ahd animal eXpériments per-
formed according to NIH and institwtional puidelines established for the’
Animal Core Facility at M. D. Anderson. The animals used in this Srudy were
female Nufm mice (6-8 weeks of age) that were purchased from Charles
River Laboratories (Wilmington, MA). Before tinor cell inocéilation, miice
were subjécted to '3:5 Gy of total body imadiation from a **'Cs radiation
source. o

AS49 cells were used 1o establish s.c: tuthors inr mice. Briefly, 1 % 10 celts
were injected into the right flank of each mouse. When the average size of the
zenograft tumors reacheéd 5-8 mm in dinineter, the mice were randomly
divided into six treatment groups: PBS control: single treatments with Ad-
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Table | pS3 status of NSCLC eefl lines. 1Dy values and combination effects of Ad-pS3, Ad-FHIT, and Ad-LacZ

D value (MOD)

‘Combination effeéts

Hiztologic .
Celf ine  subtype  p53 stanis Ad-pS3 Ad-FHIT Ad-LacZ Ad-p33 + AFHIT  AdpS3 + Ad-lacZ  Ad-FHIT + Ad-LacZ
H123D e Nl 130.7 £ 20790 7028 £ 49.16 36690 3796 Synérgy (P = 00117 Additive Additive
32 AD Mutant 26086 x 1640 15829 > 30.04 89077 £'180.06 Synergy (P = 0.0181) Additive Additive
Ha60 LC Wildiype 68153+ 723} 49324 £'91.46 14,2983 244602 Bynergy (P = 0.0051) Additive Adddirive
A549 AD Wild-type 30528 £ 9660 1,778.7 = 149.57 9.273.4 £ 22493 Syneegy (P = 00117) Additive Additdve
Wi-38 NLF Wild-type 792024 5421 56530.5 = 250.38 UD Additive uD i

Abbrevimians: MO mukiplicity of infection, expressed as viral particlkes/ectl; LA Jasge cell carcinomn; AD, ddetiocarcinama; NLF, niarmal lung T fitroblast; UD, undetetmined.

FHIT, Ad-p$3, or Ad-LacZ vector alone; and combination treatment with
AQ-p53 + AQ-FHIT and Ad-p33 + Ad-LacZ, Each tréaumiedit group contained
eight mice. and experiments were repeated twice,

Mice were treated according to the following schedule: on day 0, each
mouse whs infected intratumorally with adenaviral vector (Ad-pS3, Ad-FHIT,
or Ad-LacZ) at @ dose of 3 X 10° vim! particlesffumor'in'a volurie of 0.2 ml.
Ear tags were placed on the mice so that data obtained from individual anirmals
would be maced. Tumor dimensions weit meastired three timesfweek using a
digital caliper.

Staﬁsﬂcal and Mathematical Analyses, Fumor volume was calculated

uging the equation V (mm® = a X b2, where a is the Targest diameter, and

b4 the smallest dismeter. Differéncgs in fomor volumes batween peatment
groups were snalyzed using the. ANOVA test and statistical software. A
difference was considered 1o be statistically significant wheén P = 0.05.

A mathematical mode! and 2 statistical methad were developed to analyze
the effects of combination treatments in our animal mode} according 1o the
{miproved isobolograin method of Stel and Péckham (23-257 Tumor volumes
(V) were fitted with dose-response curves f,(Da) for reagent A and f,(Db) for
reagent B by the following equations: V = f(Dn) and ¥ = f(Db). Then
mode 1, mode Ha, and mode 116 could be expressed as follows: Vigoge =
£ o, ) X DY Vatw m fb[ﬂ» f«(Da + D oand Vs m =
Sall 00, + Tﬁ‘,l The range of additivity was defined as being between the
maximum (V.. and minimoam (V) tumor voluime among these three
ispefloct volames: Vi 1 Vagode e 818 Vigoge 1. WHent the observed tomor
yolume after fombination tréatment was between V,,,, (boundary between
addition and-antagonism) and V., (boundary between addition and syner-
iglomh, the treatmient corabinaton effect was reparded as additive. When the
abiserved tumior volume Afier ormbingfion treatment wis below Vi, or above
Vg the effeat was regarded as synergistic or antagonistic, respestively, The
Wilcoxon signed mank test was used for statisticnl analysis, and P < 0.05 was
ke w indicate a significant difference.

RESULTS

LCoexpresston of FUIT and p53 Inhibits NSCLC Cell Profifer-
atlon. Thewild-type FHIT and p53 genes were coexpressed in haman
NSCLE cells by fecambinant adénoviral vector-metliatéd gene trans-
fer to study the cothbined effects of FHIT and p353 proteins on tumor
cell proliferation. The coexpression of the FHIT and p53 proteins was
detected by immunofluorescence staining in H1299 and AS49 cells
cotransduced with Ad-FHIT and Ad-p53 (Fig. 14). In particular, the
fluorescence images showed nuclear staining (4'.6-diamidino-2-phe-
nylindole, bluc) and cytoplasmic and nuclear staining for FHIT
(FITC. green) dand p53 (rhodamine, red) in H1299 cclls (Fig. 14, a-d)
and AS549 cells (Fig. 14, e-I) 24 h afier the cotransduction of Ad-p53
and Ad-FHIT. Specifically, the coespression of FHIT and pS3 was
seen in 97.6% of H1299 cells and 95.4% of AS49 cells, x° statistical
analysis showed that these coincidences of the expression of both
protéins in both types of cells were significant (P < 0.001), indicating
that equivalent levels of expression of both the FHIT 4rd p53 proteins
could be achieved in transduced cells.

Next, the effeet of FHIT and pS53 expression on tumor cell prolif-
eration was determined in fonr NSCLC eell Jines by analyzing the
relative vighility of cells wransduced by the Ad-FHIT and Ad-pS3
vectors alone or in combination: H1209 (p53 nully; H322 (muant

P53y HA60 (wild-type p53); and AS49 {wild-type p33) cells. The

Ad-LacZ vector was used as a nonspecific control for gene transfer.
Endogenots expression of the FHIT protein cotld not be detected in
any of the ¢ell linés.

The dose effect of each agent on turhor cell proliferation was then
-subjected to the median-effect equation to generate dose:response
curves (24). The 1Dy, values (doses of adenvviral vectors that inhib-
ited cell growth by 50%) werc then determined on the basis of the
resultant dose-response curves (Table 1). The resporisés of NSCLC
eell fines to Ad-p53 or Ad-FHIT varied fmm the niost sersitive (low
IDy) to the most resistant (high IDg) in the following -orders ‘of
sensitivity: H1299 > H322 > AS549 > H460 (Table 1), Although
Ad-LacZ had ‘a dewectable inhibitary effect’on tell proliferation, the
effect was significantly less than that of Ad-FHIT or Ad-p53, and IDs,
values of Ad-LacZ could be deéterinined only at a very high dose
(Table 1), sapporting the specificity of FHIT- and p53-mediated
wmor suppression activities. ‘

The combined effects of FHIT and p53 on cell profiferation were
evaluated by iscbolograms generated (Fig. 18) using averaged data
from experiments doné Independently at least twice for dll cell lines
tested. Combination treatmient with Ad-FHIT + Ad-p53 exhibited a
synergistic antiproliferative effect in all cancer cell lines tested inde-
pendént of their pS3 statis, wheteas no synergistic effect was ob-
served in normal human lung fibroblasts WI-38 eells (Fig. 15). On the
other hand, the combination of either Ad-p33 + Ad-LacZ (Fig. 12,
middle panelsy or AQ-FHIT + Ad-LacZ (Fig. 1B, bortom panels)
showed no syhergistic effects in any of the cancer cell lines. A
nonparametric statistical analysfs of the predicted datd versus the
observed data showed that the observed synergistic effects on tumor
cell proliferation of Ad-FHIT + Ad-p53 were statistically significant
in all cancer cell lines (H1299, P = 0.0117; H322, P-= 0.0181; H460,
P =0.0051: A549, P = 0.0117; Table 1).

Effects of Coexpression of FHIT and p53 on Apnptos;s One of
the hallmark molecular events induced by tumor suppressors is apo-
plosis. To stady the combined effects of FHIT and p53 on apdptosis,
suboptimal doscs (shiphtly lower than the IDy, values in‘each NSCLC
line shown in“Table 1) of Ad-FHIT and Ad-p33 vectors were applied
16 each cancer cel line. For the combination {reatinent, the ratio of the
MO {viral particles/esll) of Ad-FHIT to Ad-p53 was 500:50 in the
H1209 cells and 2500:2500 in the H460, normal human bronchial
epithelial, and W1-38 calls. For the single treatment, gither Ad-FHIT
or Ad-pS3, an appropriste amounnt of Ad-LacZ veciors, was added
to make the total viral pdrticles equal to that of the combination’
UeAtment.

The apoptosis and ccll-cycle kinetics in cells transduced with
Ad-FHIT and Ad-p53 weie then analyzed by flow eytometry  in
conjunction with propidium iodide staining (Fig: 10). The accumo-
lation of cells in the sub-Ciy-G, phase analyzéd with propidivm iodide
staining was ‘corrclated with positive cells analyzed with terminal
deoxynucleotidy! transferase-mediated nick end labeling staining by
flow cytometry. A Tow level of apoptosis was observed in the H1299
and H460 cells transduced with Ad-FHIT alone at 72 h after post-
wranduction (Fig. 1€). An intermediate level was seen in the cells
transduced with Ad-p53 alone (Fxg 1C). However, 8 supra -additive
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Fig. 1. Effects of coexpression of FHIT and p53 on the growth and poptosis of NSCL.C calls. A, imminofluoreseerice atalysis of the expression of FHIT and p33 protwins in NSCLC

gells cotransduted with Ad-FHIT and Ad-pS3 yectors. Immunofluoresience staining was performvd on H1299 (o) and ASA9 {e-h) célls 24 Y afier transdiction. Noclel ware stilned

by 4',6-diamiding-2-phenylingle (DAPY, blur, o and &), Expression of FHIT proeins {s shown in green (b amd ), and exproision of pS3 protéins I8 shiolvit In ved {¢'dnd 2).
Emmunofudrescence images wese averlipped to coffinn the coexpression of FHIT and pS3 (vellow, d and k). B, evalimton of effects of codxpression of FHIT and 753 un the growth
of NSCLC getis i riarmia) Tung fibroblasts (WI-38) showni by isobologrim analysis at the IDy, level. The envelops of udditivity in cach isobologram Is défined by thure predicted
isoeftect tnies, and the observed duts are plonted by @, If the Sbseived Har Are distributed 1nside, whove, or below the envelope of additivity, the interaction is considéred additive,
antagontstic, or synérlstic, respectively. The Interaction of itie gene therapy combination (Ad-pS3 + AQ-FHIT, Ad-pS3 ¥ Ad-L&cZ, and AG-FHIT + Ad-LaeZ) itf éuch cell ling f5
deronsirated by individun! isoboloprurs. Stitisdeal analysis was performed osing the Wilcoxon sifined rank fest. £ 0.65 wus considered significant {see “Materials and Methods™).
AL, ihe effest of overespression of FHIT dnd p83 on apoprosis and coll cy¢le Kineties in Ad-FAIT- and Ad-pSi-transduced NSCLL cells. DNA figmentition and cell cycle Kinaties
in various NSCLC colls ransdused with Ad-FHIT and Ad-p53 alone or'in combination were analyses) by flowv oytometry in conjinction with propidiurm {bdide sidning, PBS vwas iged
s n controY, The pereniages of apaptotic eells are represented by GGy cells in the sub-0-G, phase. D, Western hiot analysis to assess FHIT-mediated p53 protsin stibilizarion snd
cuspuse-? activation. H1209 cells were eotrunsfectéed with AG-FHIT and Ad-pS3 vectors for 72 b, and HAG0 cells were pretrented with 2 pe cisplatin for 24 b and then transduced with
AU-FFIT for 43 b The sleaved caspase-9 products are Indicated by an arvow. NC, negartve control with PBS; F, Ad-FHIT: G, AQ-GFP, P, Ad-p53: ang CP, clsplaiin.

induction of apoptosis was seen in these same cell lines when they
were cotransduced ‘with Ad-FHIT and Ad-p53, buf ho significant
enhancement of apoptosis was observed in‘riormal céll lines cotrans-
duced with Ad-FHIT and Ad-p53 at the same viral doses and at the

same time after transduction (Fig. 1C).

Consistent with the flow ¢ytometry results, caspase-9 was also
found to be activated in the F1299 4nd HA60 cells trafisduiced with
either Ad-FHIT or Ad-pS3 alone or in combination, as shown by the
cleavage products detected by Westert blot analysis (Fig. 1D). In
addition, caspase-9 was strongly activated in H460 cells (wild-type
PS3) in which the endogenouns p53 was activated by cisplatin treat-
ment followed by the transduction with Ad-FHIT (Fig. 1D, Lane
F4+CP) as compared with the effects in cells transduced with Ad-GFP
{Fig. ID, Lane G+CP). These results suggest that the observed
$ynergism in the inhibition of umor eelt proliferation produced by the
coexpression of FHIT and pS3 is due 1o a synergistic induction of
apoptosis. ‘

Synergistic Inhibition of Tumor Growth by the Coadministra-
tion of Ad-p53 and AQ-FHIT in Vive. To determine whether the
synergistic growth inhibition mediated by the cotransfer of the FHIT
and pS3 genes observed in vitro could be reproduced in vivo, we
evahiated the combined effects of FHIT and p53 overexpression on
tumor growth by directly coadmisistering Ad-FHIT and Ad-p33 vee-

tors into human A549 sie: xenografts innude mice. Mice were divided
into six treatment groups: four groups that received single treatment
with PBS; Ad-LacZ, Ad-p53. or Ad-FHIT alone; and corsbinations of
Ad-p53 + AQ-FHIT or Ad-pS3 + Ad-LacZ, Each treatment grolip
contained five to gight mice. and 4ll experiments were répeated twice:
The overall effects of (reatments-on tumor growth were analyzed by
an ANOVA statistical method. Treatment with Ad-p53 + Ad-FHIT
significantly inhibited tuntor growth in the AS549 turior ‘mbdél
(P < 0.05)in comparison with the results seen in the other weatment
and the control groups (Fig. 24). We also analyzedl whether there was
a synergistic interaction between the combinatién treatment elererits
in these tumors using a modified isobologram method (see “Materials
arid Metheds™). This showed that coadministration of Ad-pS3 and
Ad-FHIT produced a sigriificant synergistic inhibitory effect on tumor
growth in the AS49 wmor mindél (P < 0.05; Fig. 28):
Stabilization of p53 Protein by FHIT Overexpression. To glu-
cidaté the miolecular mechanismis responsible for the synergistic in-
hibitary effects of coexpression of FHIT and pS3 on tumor growth, we
gtudied their mutual effects on the accumulation and stability of the’
FHIT and p53 proteins themselves in Ad-FHIT- and Ad-pS3-trans-
duced NSCLC cells using Western blot analysis {Fig. 3,4 and B). The
overéxpression of FHIT tip-regulated the exptession of endogenous
wild-type p33 proteins >6-fold in Ad-FHIT-transduced HA60 and
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AS549 eells but not in the H322 cells with endogenous mutant pS3
(Fig. 34). A maodest increase of exogerions pS3 was also seén in
Ad-p53 and Ad-FHIT cotransduced cells, independent of the endog-
enous pS3 status in these cells (Fig. 38). However, the level of the
exogenious FHIT protein was not affected by either the endogenous or
exogenols expression of ps3 (Fig. 34, middle panels), suggesting that
the synergistic effect of the wmdr suppressor genes may be due to
FHIT-mediated up-regulation of the pS3 protein but nat the reverse.

To ponfirm that the increased levet of p§3 protein induced by FHIT
is dué fo protein stabilization. we performied a protein synthesis
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Fig. 3. Westérti blot analysis of p53 expression in Ad-FHIT trnsduced NSCLC cells.
The endogcnous (A) 4id exofierious (B} ekpression of p53 prowing was probed by
tmmunobloning with a mouse monaclonal anti-pS3 antibody. FHIT expression (AY was
probcd with ribbit ant-FHIT antibodies. C, effect of FHIT on endogenous p53 proein
bty shown by eyclohexamide-medintad pulse-chase Western blot analysis. A549 cells
were presreated with 2 pa ciaplatin at 24 b befure 1D ps eyelotisxamide with or withont
At FRIT transduction. Celi extracts were then harvested at the indicated fimes.

inhibitor cyclohexamide-mediated pulse- chase Western blot analysis
to monitor the endogendus pS3 expression and protéin tarnover in-

‘duced by prétreativient with cisplafin in the presence of absence of

AJ-FHIT. In the absence of Ad-FHIT, the level of the pS3 protein was
dramatically reduced at 6 h and almost not detectable at 15 b after
cyclohexamide treatment (Fig. 3C, PBS). By ‘comparison, in the
presence of exogenous Ad-FHIT, the endogenous p33 protein in these
cells could still be detected even 24 h after cyclohexamide treatment
(Fig. 3C, Ad-FHIT). These results indicate that expression of FHIT
protein indeed stabilizes the p53 protein.

Regulation of the MDM2 by Coexpression of FHIT and p$3.
There are multiple pathways to stibilize p53 in responise to différent
forms of stress. One of the key pathways i§ to inhibit MDM2-
mediated p§3 degradation by dissociating MDM?2 from p83 (21, 26).
To determine whether the enhanced stability of p53 is assogiated with
the inactivatéd MDM2 in NSCLC cells cotransduced with Ad-FHIT
and Ad-p53, we a'naIyze’d the expression of MDM2 proteins by
Western blot analysis using a monselonal MDMZ antibody (SMP-14:
Santa Cruz Biotechnology, Inc:; Fig. 44). We detected sagmﬁumly
decreased level of the 90-kDa MDM?2 prowm in the cells cotrans-
duced with Ad-FHIT and Ad-p53 in compatison with control cells
treated with Ad-p53 alone dr with Ad-p53 + Ad-LacZ (Fig. 4A) In all

-cell lines tested. Similar results were observed when MDM2 antibod-
‘ias from different sources were used {N-20 from Santa Cruz Biotech-

nology, Inc., and IF2 from Oncogene, Cambridge, MA dati 1ot
shown),

To determine whether the reduction in the MDM2 protein was
restlted from & transcriptional or postiranscriptiondl event, we ana-

*lyzed MDM2 mRNA tanscription using a qoantitative redl-time RT-

PCR in Ad-FHIT- and Ad-p53-transduced ¢ells (Fig. 4B). Transerip-
tion of the MDM2 RNA was significantly up-regulated in both the
Ad—pﬁ-rransdumd and Ad-FHIT + Ad-p33-cotransduced cells but
not in the cells wransducéd with Ad-FHIT aléne (Fig. 4B). These
results suggest that the overexpression of p53 activates MDM2 at thies
transeriptional level through a feedback mechanism bt that the FHIT-
mediated regulation of MDM2 expression occur$ dt the posttranscrip-
tional protein level. '

To exclude the possibility that the adenoviral vector and pS3
expression might have affected MDM2 exprission, we analyzed the
effect of FHIT expression on exogerious MDM2 expression in pS3-
noll 11299 cells cotransfected with the HDM?2 and FHIT expressing
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plasmid vedtors (pHDM?2 and pFHIT), H1299 cells coiransfected with
pHDM?2 and placZ were used as the control. Consistent with the
results obtained in the adenoviral vector-mediated FHIT gene transfer
experimem (Fig. 44), the level of exogenous MDM2 protéin was also
reduced in the célls cotransfected with pHDM2 and pFHIT plasmids,
corhipared with the levels in cells cotransfected with pHDM?2 and
plac? (Fig. AC). Furthérore, MDM2 proteins were clearly detected
a1 a similar rate of recovery after treatment with a broad proteasome
inhibitor. MG132, in all treatment groups (Fig. 4C), suggesting that
the FHIT-mediated reduction in the MDM? protein is independent of
the proteasome degradation pathway.

Interruption of Assoclation of MDM2 with p53 by FHIT. To
further our understanding of the mechanism behind the observed
stabilization of the pS3 protein by FHIT, we investigated the interac-
tions among the FHIT, MDM2 and p53 protéins in Ad-FHIT- and
Ad-p53-transduced wild-type p53-bearing H460 and A549 cells using
imminopreéipiiation and Western blot analysis (Fig. 8. The FHIT
protein was deétected in MDM2-immunoprecipitited complexes in
both H460 (Fig. SA, Lane 2) and AS49 (Fig. SA, Lané Gy ¢clls
transduced with FHIT, indicating a direet interaction between the
FHIT dnd MDM2 proteins. In addition, a significantly smaller amount
of the FHIT/MDM?2 complexés was observed in both HA60 (Fig. 54,
Leme 4) and A349 (Fig. 54, Lane §) cells that were cotransduced with
Ad-FHIT + Ad-p53. These results suggest that FHIT may cause
degradation of MDM?2 as implicd by the reduced MDM?2 levels in
Ad-FHIT + Ad-p53-wansduced célls (Fig. 44) and that ‘a large
amiount of p53 proteins may also interfere with the apparent FHIT-
MDMZ2 interaction.

To determine whether the association of FHIT with MDM2 could
interfere with the ‘intesaction of MDM2 with p53, we performed a
MDM?Z immunoprecipitation and MDM2 immunodepletion analysis
followed by immunoblotting against p53 protein on denatured cell
lysates from Ad-FHIT- and Ad-pS3-transduced cells (Fig. 58). We
found that MDM2-bound p53 was detected in the MDM2-immuirnio-
precipitated complexes in both H460 (Fig. 5B, Lane 1) and A549 (Fig.
§B, Lane 3) cells trarisduced with Ap-pS3, However, the levéls of
MDM2-bound p33 protein were dramatically reduced in both H460
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(Fig. 5B, Lane 2) and AS49 (Fig. §B, Lane 4) cells cotransduced with
Ad-FHIT + Ad-p53-veétors compared with the levels in cells transe
duced with' Ad-p53 alone. Furthermiore, Westérn blot andlysis of ps3
proteins inMDM2-immunodepleted crude protein fractions showed
that almost all of the p53 protein was associated with MDM? in the
absence of FHIT expression (Fig. 5B, Lanes § and 7), but the MDNM2-
P53 proieih interaction was significdntly intermuptéd by the presence
of FHIT cocxprezssmn (Fig. 5B, Lanes 6 and 8). These resilts strongly
suggest that the interaction of FHIT with MDM?2 effecuvely ‘blocks
the association of MDM2 with p53, and this prevented the MDM2-
médiatéd degradation thus énhancing the stability of p53 protein.
We alsd' performed iminonofliiorescence image analysis of FHIT
and MDM?2 protein expression to study-the intécaétion of these two
proteins inliving AS49 cells in which endogenous p53 expression was
induced by cisplatin-and exogenous FHIT expression was induced by
Ad-FHIT (Fig. 5C). In the Ad-FRIT- tranisduced cells (Fig. 5C., a ind
b). the FHIT protein was detected mainly in the eytosel (Fig. 5C, aj,
anid the MDM2 protein was ptedominantly located in the nucleus (Fig.
5C, b). In untransduced cells (Fig. 5C, b), MDM2 protein expression
could also be detected ini the cytosol, but this was ol seén in the
FHIT-expressing cells (Fig. 5C, b) Ini gddition, the fluoreséence
intensity of the MDM?2 prowcin was reduced in nuclei in the FHIT-
exprcmnu cells compared with the intensity in the non-FHIT-express-
ing eefls, indicating that a FHIT-mediated reduction in MDM2 priftéin
expression and a FHIT-mediated interference in-the assodiation of
MDM?2 with p33 occurred in living cells.

DISCUSSION

In this study, we investipated the interaction of FHIT and 153 by
recombinant adenoviral vector-mediated FHIT and p53 wmor sup-
pressor gene totransfer in human NSCLCs in vitro and in vive. We
used improved isébolograh modeling and statistical analysis to quan-
titatively evaluate the mutdal effects of FHIT dnd p53 coexpression on
tumor ¢all protiferation in vitro and wimor growth in animal rodels
-and demonstrated that the coexpression of FHIT and p53 resulted in
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SYNERGISTK TUMOR SUPPRESSION BY Ad-pS3 AND Ad-FIIT
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Fig. S. Inmhanopreciplrition and immunoblat inalysis for the interidtion of FHIT, MDMZ, and p53 proteins in NSCLC élls. A, inferdction of FHIT With MDM2 proivins in the
presence and shsence of cxogenous pS3 profein expresston fn H460 and A549 cells, Cell extracts wene prepared from cells ransduced with Ad-FHIT or Ad-pS3 aloneorin combinatdon
for 72 b, Cell extructs were irpmnrioblotted (IR) with FHIT antibodies and then immuneprecipitated (IP) with a moncclonal MDM2 antibody followed by immanoblotting with
polyclonnt FHIT antibodies, &, effect of FHIT expression on be {nwraction of MDM2 with §53 proteinis In'HA6D and AS49 cells. Tumor cells were trinsduced with Ad-p53 alone or
cotransidicad with Ad-FRIT + Ad-pS3 for 72 . Cell extracts were 1P with MDM2 or immunodepleted (TD) with MDM2 andbody followed by fmmunobloting with the p33 antibady.
€, immuiofudrescénte imaging analysis of the subeellutar localizdtion of FHTT and MDM? proteins in AS39 cells In which the endogenous expression of pS3 was induced by cisplatin
followed by tansduction with Ad-FHIT, § fluorescenee staiing was performed 24 b afer transdudtion, Fxpression of the PHIT protwing is shown'in griex (FITC) (a), MDM2
expression is shuwn in red (riodamine) (5), and muclel are shown i bluy ¢',6-diamidino-2-phenylindale (DAPT) (¢); an overlapped imagre is shown i 4. The FHIT proteln was mainly

detszied in cytosol. whereas the MDM2 protein was predominantly focated in muclei, The untransduced (N and the Ad-FHIT-transduced (F) vells are indicated with arrows;

# significant synergistic inhibition in the growth of NSCLC cells both
i viteo and in vive,

There is increasing evidence that the inactivation of multiple turrior
suppressor genes has a synergistic effect on tumor development and
proliferition (22, 27). For example, >50% of NSCLCs have been
found 10 carry p53 matations (11) and 50-70%. of NSCLCs also have
deficient FHIT gene expression (28, 29). In addition, several studies
hiive demmonstrated that an allelic imbalance within the FHIT locus
frequently cosxists with p33 abriormalities and that this may be an
early event in NSCLC pathogenesis (30, 31). From a clinical perspec-
tive, NSCLCs are highly resistant to conventional treatiments such as
surgery, radiotherapy, and chemotherapy (32). On the basis of these
obiketvations and known facts, combination treatment with synergistic
tumor-sufipréssing gene therapy {in our case, adenoviral vector-
mediated FHIT and p53 pene cotransfer) may constitute a rational and
effective strategy for the treatment of a wide range of both lung and
Otheér cancers.

The stability of p53 is the key to the maintenance ‘of multiple
eétlutar functions such as cell cycle arrest and apoptosis. The P53
tumor suppressor pene {g activated in response to diverse cellular
stresses such as those inflicted by DNA-tlamaging agents and to
oncopenic signals throngh méchanisms that result in the stabilization
and accamulation of wild-type p53 protein (20, 33). Overexpression
of FHIT protein up-regutated both the endogenous dhd exogenous

wild-type p53 expression in NSCLC cells transduced by the Ad-FHIT

vector alone or cotransduced by Ad-FHIT and Ad-pS3. However. the
latteir tesults in synergistically enhanced tmor Suppression and apo-

© ptotic ‘activities, ‘which may be a direct reflection of the FHIT-

mediated stubilization of p53. This implicates an important molecular

. pathway in the regulation of FHIT-mediated tumor-suppressing ac-
tivity. Although the sensitivity of wmor cells to the adenoviral vector:

mediated FHIT wansfer-induced growth inhibition was not signifi-
cantly correlated with the p53 gene status in the cells tested (4. 6), the
activation of endogenous p53 in cells possessing wild-type p33 by a

cherotherapeutic agent such as cisplatin or the induction of the
exopénous expression of p53 in p33-null or mutant cells by a gene
theriapy agent such as Ad-p33 coild be nsed to grhance the therapeu-
tic efficacy of Ad-FHIT in a wide range of tumot cells. For exanmiple,
as shown ini this study, in the H460 cells with wilditype p33 pretreated
with gisplatin dnd then tranisduced with Ad-FHIT, the expression of
endogenous p53 was induced, the FAIT-mediated stabilization of the
pS3 protein was massively enhanced, and caspase-9 was activated
(Fig. 1D). Of further relevince; the induction of apoptosis miediated
by Ad-p53 and Ad-FHIT alsé follows a diffcrent tire course. That s,
a peak apoptotic ‘induction is séén for Ad-p53 at ~48 h afd for
Ad-FHIT a1 ~96 h after transduction (33, 34). They alse induce
apoptosis via different pathways (35). These differences in therapeutic
kinetics and molecular function may thus also contribute to the
observed synergistic effect of combination treatmient with Ad-FHIT
and Ad-p53 on both growth inhibition'and apoptosis. ‘ ;
Structural and functional analysis of the MDM2 proicin has re-
vealed that MDM2 initéracts’ dirsetly with' p53 in the NH -terminal
domains (20, 36). As a result of this interaction, MDM2 directly

‘blocks the transcription factor and a fumor suppressor activity of pS3

(37) and targets p53 for degradation by proteolysis (33, 38). It hias thus
become clear that one way to stabilize and activate p53 in cells is by
intérrupting the interaction of MDM2 and p53.(39). Ways 1o do this
are suggested by the fact that the activity of MDM?2 is also regulated
by covalent modifications and by nohcovalent régulators, both of
which can modulate the #bility of MDM2 to bind p33 (19). In
particular, two tumor suppressor proteins, human pl6™** and murine
P12 (human p14A7), have been shown to bind to MDM2 and inhibit
the MDM?2-mediated degradation of p53 (40, 41). ‘We observed a
significant reduction of MDM2 proteins in cells ¢ottansduced by
Ad-FHIT and Ad-p53 compared with those transduced by Ad-p53
alone. We slso noticed # significant reduction of MDM2-p53 com-
plexés and detected the diréet MDM2-PHIT ifitéraction it those cells.
These results suggest that the interdciion of FHIT with MDM2 may
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3796 Enhanced sensitivity of tumor cells to chemotherapeutic agents by
activation of fusl tumor suppressor gene in lung cancer cells‘ -

M Jiichiro® €Sasakill, Futoshi Uno, John D. Minna, Jack A. Roth, Lin Ji.
UT. M.D. Anderson Cancer, Houston, TX and UT Southwestern Medical
Center, Dallas, TX.

FUS1 is anovel tumor suppressor gene (TSG) identified in the human
chromosome 3p21.3 region that is deleted in many cancets. We previously
found that FUSI TSG was inactivated in many primary lung cancers and
cancer-derived cell lines by either the loss of expression or the deficiency of
the posttranslational myristoylation modification of the wﬂd-iype (wt)-Fusl
proteins. We also demonstrated that exogenous expression of the wt-FUSI
by plasmid- or adenoviral vector-mediated gene transfer significantly
inhibited tumor cell growth, induced apoptosxs and altered cell cycle
kinetics in 3p21.3-deficient lung cancer cells in vitro and efﬁmently
suppressed tumor growth and inhibited tumor progression and metastases in
human lung cancer xenograft mouse models. Based on these pre-clinical

_ investigations, a phase I clinical trial is now undertaking in advanced non-
small cell lung cancer patients using systemic administration of DOTAP-
cholesterol-complexed wt-FUSI-expressing plasmid DNA (FUSI-lipoplex).
In this study, we explored the capability of the wt-FUSI gene product as a
modulator of chcmotherapcunc drugs for enhancing chemotherapeutic
potency and overcommg drug resistance in lung cancer cells, We found that
a transient expression of the wt-Fusl protein in FUSI-expressing plagmiid-
transfected H1299 cells significantly enhanced the cxsplatm -mediated
inhibitory effect on tumor cell growth at a Jow-dose (1 micro molar) of
cisplatin treatment. In addition, a stable expression of the wt-FUS/ gene,
which is under the control of a ponasterone A-inducible promoter, reduced
more than 30% of ICSO values of both cisplatin and paclitaxel treatments in

H1299 cells, even at a low level of induced Fus1 expression, However, the
maximum stable expression of a functionally deficient mutant Fus1 protein
(mt-Fus1) in a similar inducible system did not enhance the scms:twlty of
tumor cells to these drigs. Furthermore, a significant increase in apoptotic
cell populations were detected in cells with the induced expression of the wt-
Fus1 protein but not in those with induced expression of mt-Fusl, as shown
by a FACS analysis with TUNEL reaction. These results suggest that the wt-
Fus1 may play a critical role in modulating the sensitivity of tumor cells to
the chemotherapeutic agents, especially, to DNA damaging agents such as
cisplatin and that a combination treatment with the FUSI-lipoplex-mediated
molecular therapy and the cisplatin or taxcel-based chemotherapy may be an
efficient treatment strategy for Jung cancer.
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4821 Activation of apoptotic signaling pathway by direct interaction
between tumor suppressor Fus1 and Apaf-1 proteins in lung cancer
cells.

EFutoshib €Unoll, Jiichiro Sasaki, Gitanjali Jayachandran, Kai Xu, John D,
Minna, Jack A. Roth, Lin Ji. The University of Texas M.D. Anderson Cancer
Center, Houston, TX and The University of Texas Southwestern Medical
Center, Dallas, TX.

FUSI is a novel tumor suppressor gene identified in a 120-kb overlapping -
homozygous-deletion region in human chromosome 3p21.3-in lung and
breast cancers. We previously demonstrated that enforced exptession of the
wild-type (wt)-FUS1 in 3p21.3-deficient non-small cell lung cancer
(NSCLC) cells significantly suppressed tumor cell growth byiinduction of
apoptosis and alteration of cell cycle kinetics in vitro and in vivo. However,
the molecular mechanism and signaling pathway involved in the FUS1-
mediated apoptosis remained unknown. In this study we aimed to identify
the potential cellular targets of Fus1 protein to have an insight into the
mechanism of Fus1 function, We performed immuno-precipitation (IP)
analysis using anti-Fus] antibodies with protein lysates prepared from Fus1-
expressing plasmzd~transfected NSCLC H1299 cells to analyze the Fus1-
mediated protein-protein interactions. The poteritial cellular protein targets
that directly interact with Fus] protein were anaiyzed by SDS-PAGE of the
IP complexes and further identificd by peptide mapping of the trypsin-
digested proteins in the complexes by a surface-enhanced laser desorption
and ionization-mass spectrometry on a ProteinChip array. One of the
potential Fusl-interacting proteins was predicted by peptide mapping as the
apoptotic protease activation factor 1 (Apaf-1). This Fusl~Apaf 1 interaction
was further confirmed by IP and immuno-blot analysis using either anti-Fusl
or anti-Apafl antibodies, alternatively. We also observed that both the wt-
Fus1 and a N-myristoylation-deficient mutant Fus1 (myr-mt-Fus1) protein
but not the C-términal-deletion (10-20 amino acids) mutants of Fus] proteins
could bind to Apaf-1 protein in H1299 transfectants. A computer-aided
structural analysis predicted a PDZ domain in the C-termini of the both Fus]
and Apaf! proteins, suggesting that the Fus1-Apaf-1 interaction might be
mediated through these classic PDZ protein-protein interaction motifs. Using
an immuno-fluorescence image analysis with Fus1 and Apaf1 antibodies, we
detected that the Apafl proteins were co-localized with the wt-Fus1 proteins
in their typical mitochondria and ER membrane locations but with the myr-
mt-Fusl proteins ‘which lost its membrane-attachment capability,
everywhere in the cytoplasm in the wt-FUSI and myr-mt-FUS-transfected
H1299 cells, respectively. These results suggest that Fus1 protein miay

http://thnfc9-106:8001/aacr95/4821 htm?search=Y & keywords=futoshi+uno&tags= 8/31/2004
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Abstract

Cancer gene therapy for the treatment of lung cancer has shown promise in 'the‘laborafory"and in
Phase Il clinical trials, However, it is currently limited to treating localized t‘umo‘ré due to host-
immunity against the gene delivery vector and the transgene. Therefore, there is a tremendous
effort to develop and test alternate gene delivery vectors that are efficient, non-immunogenic, and
applicable for systemic therapy. One such gene delivery vehicle :i‘s the non-viral -'vecfor,
DOTAP:cholesterol (DOTAP:Chol) liposome. Preclinical studies from our laboratory has shown
that DOTAP:Chol. lipo'somesére effective gene delivery vectors that efﬁciénﬂy deliver tumor-

suppressor genes to disseminated lung tumors when injected int'ravenously. Based on our

findings we have recently initiated a Phase-] trial for systemic treatment of lung cancer 'us'ing' a

novel tumor suppressor gene, FUST. Although DOTAP:Chol. liposome complexed to DNA
(lipoplex) are efficient vectors for systemic therapy, induction of an inflammatory response in a
dose-dependent fashion has also been observed thereby limiting its use. A better understand‘i'ng‘
of the underlying mechanism for lipoplex-mediated inflammatory response will allow us to de’yélbp
strategies to suppress inflammation and expand the therapeutic window in treating humanh caricer.

In the present study we conducted expériments examining the mechanism of lipoplex-mediated

inflammatory response in vitro and in vivo. We demonstrate that systemic administration of
lipoplex induced multiple signaling molecules both in vitro ‘and in vivo, that are associated with
inflammation. Furthermore, use of small molecule inhibitors against the signaling melecules
resulted in their suppression and thereby reduced inflammation without affecting transgene
expression. Our results provide a rationale to use small molecule inhibitors to suppress lipoplex- -

mediated inflammation when administered systemically. Further development and testing will

" allow us to incorporate this strategy into future clinical trials that are based on systemic non-viral

gene therapy.



Introduction

Lung cancer is one of the leading causes of death in the world (1). Despite recent advances in
treatment strategies, drug resistance, loco-regional and distant failure and poor response to
therapy contribute to a low overall 5-year survival rate for common epithelial cancers, including
Jlung cancer (1). Therefore, novel forms of therapy are urgently needed. Gene transfer strategies
with the tumor suppressor gene p53 have shown clinical promise in Phase I/l trials for non-small
cell lung cancer and head and neck squamous cell carcinoma (2-6). However, this s’t'rétégy has
been limited to loco-regional treatmient because of adenovirus-mediated toxicity and immune
réesponses associated with systemic delivery (7_,8). An alternate to adenoviral vector system is to
use non-viral gene delivery systems, which have been shown to be éffectiv'ek in delivering
therapeutic genes to cancer sites when administered systemically (10-17). The advantage of
using non-viral vector systems is that they are easy to manufacture and less immunogenic (18).
Furthermore, it is feasible to develop non-viral vectors that target the tumor or tumor vasculature
specffically. The best strategy one could envision for lung cancer 'treétm‘ent is a vehicle that
systemically delivers a therapeutic agent to the primary tumor site and to distant ’m'etasta‘tié sites’

without undue toxicity.

A non-viral liposomal vector that has be’eﬁ shown to efficiently deliver genes to the lungs when
administered intravenously is the cationic DOTAP:cholesterol (DOTAP:Chol) liposome (10,11).
Based on these reports we have tested DOTAP:Cho!.‘ liposome as a gene-delivery vehicle for
treatment of lung cancer. Preclinical efficacy studies from our labotatory demonstrated
intravenous injection of DOTAP:Chol.-DNA complex (lipoplex) in mice bearing experimental lung
metastasis resulted in effective transgene expression in the tumors leading to a significant

therapeutic effect (12,19). Furthermore, intravenous administration of lipoplexes resulted in



increased transgene expression in the lung tumors compared to the surrounding normal lung
tissue that resulted in an increased therapeutic effect (20). Increased transgene expression in the
tumors was due to increased and selective uptake of the lipoplex by the tumors in the Iths
compared to the surrounding normal tissue (20). In a more recent study we have demonstrated
the tumor suppressive effect of a novel 3p gene, FUST, on disséminated lung tumors when
injected intravenously (21, 22). These results suggest systemic delivery of therapeutic genes (p53,
Fhit, FUS1, mda-7) to disseminated tumors is feasible using DOTAP:Chal. liposome. Based on
our results, we have recently initiated a Phase-! clinical trial for systemic treétment‘ of lung cancer

using the FUST tumor suppressor gene complexed with DOTAP:Chol. liposome.

Although DOTAP:Chol. liposome has been shown to be an effective systemic gene delivery
vehicle, induction of an inflammatory response in a dose-dependent fashion has also been
observed resulting in toxicity {(Ramesh et al., unpublished data). Induction of inflammatory
response following systemic administration of DOTAP:Chol.-DNA cbmplex'i‘s neither surprising

nor unique to the liposome composition. Induction of an inflammatory reponse has previously

been reported using other non-viral liposomal vectors (23-29). Thus, the therapeutic window for

 DOTAP:Chol. liposome based systemic gene therapy for cancer will be limited. Therefore, a better

understanding of the mechanism of lipoplex-mediated inflammatory response will enable us to
develop strategies to overcome this limitation and théreby increase the therapeutic window to

deliver higher doses of the therapeutic gene.

Recent studies have demonstrated immunosﬁmulatory CpG motifs present in the plasmid DNA to
play a major role in lipoplex-mediated inflammation. Reducing the number of CpG sequences in

the plasmid DNA has been shown to reduce the inflammatory response and increase transgene



expression (30,31). Additional strategies tested to overcome the inflammatory response ‘include
the use of PCR-amplified DNA fragments instead of full-length pDNA (32) and the use of |
immunosuppressant (33). All of these strategies have shown improvements in reducing
inflammation. However, they have not been able to completely suppress or eliminate the iipdp!ex-

mediated inflammatory response. Furthermore, some of the strategies have not been feasible in a

clinical setting. Therefore, additional strategies are warranted. A better understanding of the

underlying mechanism for lipoplex-mediated inflammatory response will allow us to develop

effective strategies to suppress inflammation and expand the the‘rape‘ut'ic window in treating

human cancer.

In the present study we conducted experiments examining the mechanism of lipoplex-mediated
inflammatory response in vitro and in vivo. We demonstrate that systemic administration of
lipoplex induced multiple signaling molecules both in vitro and in vivo that are associated with
inflammation. FUrtherm‘ore‘, use of small molecule inhibitors targeted against the signaling
moleculas resulted in their suppression and thereby reduced inflammation iwi'thout”éffééﬁng‘
transgene expression. Our results provide a rationale to use small molecule inhibitors to éupp‘res‘s
lipoplex-mediated inflammation when administered systemically. Further development and testing

will allow us to incorporate this strategy into future clinical trials that are based on systemic non-

viral gene therapy.

Materlals and Methods

Materials. All liplds (DOTAP, Cholesterol) were purchased from Avanti Polar Lipids ‘(Alabastef,
AL). Naproxen for tissue culture experiments was purchased from Sigma Chemicals (St. Louis,

MO). Clinical grade fNaproxen for in vivo studies was purchased from Pharmacy at M. D.
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Anderson Cancér Center (Houston, TX).'U0126 and SB203580 were purchased from Calbiochem
(San Diego, CA). Antibodies against phosphorylated p38MAPK, pJNK, p44/42MAPK, pATF; and
pc-Jun were purchased from Cell Signaling (Cambridge, MA). Anti-COX-2 antibody was

purchased from Cayman Chemicals (Ann Arbor, MI).

Cells, and culture methods. Human fibroblast (MRC—Q} cell line was purchased from American
Tissue Culture Collection (Rockville, MD). Celis were maintained in the appropriate medium as
recommended by the supplier. Cells were regularly passaged and maintained at 37°C in

humidified atmosphere with 5%CO,.

Animals. Four — to six-week-old female C3H/Ncr mice (National Cancer Institute, Frederick, MD)
used in the study were maintained in a pathogen-free environment and handled according to

institutional guidelines established for animal care and use.

Preparation of lipoplex. Synthesis, and preparation of lipoplex carrying the FUST v}ge"n’e was
carried out as previously described (12). Freshly prepared lipoplex were used in each experiment

described in the present study. Particle size analysis showed the lipoplex was 300-350 nm in size.

In vitro experiments. To determine the effect of DOTAP:Chol-FUST complex on the activation of
signaling molecules associated with inflammation, MRC-9 fibroblast cells We're seeded in six-well
plates (5 x 10° cells/well) and incubated overnight at 37°C ‘and 5% CO,. The following day, tissue
 culture medium was replaced with fresh medium and cells were either nor treated or treated with
various concentrations of SB203580 (p38MAPK inhibitor; 10, and 30 uM), U0126 (p44/42 MAPK

inhibitor; 10, 30 uM), or with Naproxen (COX-2 inhibitor; 0.5mM). Two-three hours after treatment,



cells were transfected with DOTAP:Chol-FUS1 complex (2.5ug DNA) in 0.2% serum medium.
~ Cells were harvested at different time-points (2h, 4h, 15h) after transfection, washed, and cell
lysates prepared as previously described (12). Untransfected cells treated with PBS served as
control in these experiments. Cell lysates were subjected to western blotting analysis and probed
with various antibodies as previously des‘cﬁbed (19, 20). In all the exg‘erimen’ts, B-actin ‘was
detected using anti-g-actin antibody (Sigma Chemicals, St. Louis, MO) as a measure of internal
loading control. -

To determine the effect of inhibitors on transgene expression, cells were transfected with a marker
gene, luciferase (luc), complexed with DOTAP:Chol. liposome. All other experimental conditions
were the same as described above. Luciferase expression was determined using the iuc’:iferase
assay kit (Promega, Madison, WN) as p’révibusly described (19). Luciferase expressign was
expressed as relative light units per mg of protein (RLU/mg). Assays were performed in triplicates.
Experiments were performed two times and the results representé‘d as the ‘a‘?e'rag'e of two

separate experiments.

Electrophoretic mobility shift assay (EMSA). MRC-0 cells were sesded in six well piafe"s at1.3
X 10° cellstwell for EMSA. The following day cells were replaced with 0.2 % serur medium and
then preincubated for 3 ¥ his in the absence or presence of naproxen before the cells were |
transfected with lipoplex (2.5ug DNA). Cells were harvested at 2, 4 and 15h after transfection and
nuclear extracts prepared. To the nuclear extracts (10 pg), DNA binding 'reabt'i_nn ‘mixtdré
containing [v-*P}-ATP radiolabeled AP-1 oligonucleotide and 0.5 ug 'p‘dy (d1-dC) were added and
incubated at 25"0 for 30 min in 5X gel shift binding buffer [20% g’tyceroi; 5mM MgClz 2.5mM
EDTA, 2.5 mM DTT, 250mM NaCl, 50mM Tris-HCI (pH 7.5)]. The complexes were'subsequenﬁy ‘



resolved on 5% nondenaturing polyacrylamide gels in 0.5 X Tris-borate EDTA buffer for 1h 30min

at 300 V. The bands were visualized by autoradiography.

PGE; production assay. Cells were seeded in 6-well plates (1-3 X 10° celis/well) and incubated
at 37°C. Twenty-four hours later, the culture medium was replaced and replenished with fresh
medium supplemented with 0.2% serum. Cells were then either not treated or -trea{ted with
naproxen (0.5mM). At 3.5 h after treatment cells were traf\sfected ‘with DOTAP:Chol-FUS1
complex (2.5ug DNA). The amount of PGE; secreted into the culture supernatant at various time
(2h, 4h, and 15h) points was determined using the PGE, enzyme ‘immunoas‘say‘ (‘Cay}nan

Chemicals, Ann Arbor, MI). Assay was performed according to manufacturer's protocol.

In vivo experiments. To determine the effect of intravenous administration of DOTAP:Chol-
FUS1 complex on inflammation and the potential use of inhibitors, in vivo experiments were
conducted in immunocompetent female C3H mice. Mice were divided into three .gmup»si
(n=5/group). Group 1 did not receive any treatment. Group 2 received a single dose of Naproxen
(15 mg/Kg) orally 3h prior to intravenous injection of DOTAP:Chol-FUST complex. Group 3
received intravenous injection of DOTAP:Chol-FUS?1 complex only. The amount of plasmid DNA

injected was 100 ug. The rationale for selecting this dose was based on our previous results which

showed that 100 pg of FUST plasmid DNA to produce acute inflammation that was lethal

producing 100% mortality (Began et al., unpublished data). The procedure for intravenous
i‘njecﬁans of liposome-DNA complex has previously been reported (12, 19, 20). At 2h, 4h, 6h and
15h after treatment with DOTAP:Chol-FUST complex, animals were euthariized and blood and

organs (lung, liver, spleen) collected. Blood samples were analyzed for mouse TNF-o by ELISA



(R&D Systems, MI). Tissue samples were analyzed for expression of inflammation-associated

signaling molecules by western blotting (20).

Results

Lipoplex induces inflammation-associated signaling molecules in vitro. To ‘fést‘ whether |
DOTAP:Chol-FUST complex can induce inflammation-associated sigha'ting molecules and whose
expression ctan be suppressed by small molecule inhibitors, we first conducted in .vitro
experiments. Transfection of MRC-9 cells with DOTAP:Chol-FUST complex resulted in &
significant increase in the expression of p38MAPK, pJNK, p44/42MAPK, and its downstream
substrates pATF-2, pc-Jun, and COX~2 compared to untreated control cells (‘-Fig.} 1). The
activation of various inflammation-associated signaling molecules indicate the ability of

DOTAP:Chol-FUS1 complex to induce an inflammatory response.

Small molecule inhibitors suppress inflammation-associated signaling molecules induced
by lipoplex. The ability of DOTAP:Chol-FUST complex to induce inflammmiation .associated
signaling molecules in vitro suggested its potential limitation in vivo. Therefore we tested the ability
of small molecule inhibitors to inhibit inflammation-associated signaling molecules induced by
lipoplex. For this purpose we tested inhibitors specifically targeted towards bB_BMAF‘K‘ (SB
203580), p44/42 MAPK (U0126) or COX-2 inhibitor (Naproxen). Treatment of cells with various
doses of SB 203580 pribr to transfection with DOTAP:Chol-FUST complex resulted in a marked
suppression of p38 MAPK expression and its downstream substrates, pATF-2, pc-Jun, and COX-
2 compared to cells that were only transfected with DOTAP:Chol-FUST complex (Fig. 2A). The
inhibitory effect was observed to be time-dependent and not dc»se—depéndent. Baseline p38MAPK

expression was observed in untreated control cells. Similarly, treatment of cells with U0126
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resulted in a significant inhibition in p44/42 MAPK expression and its dowhstream substrates
compared to cells that did not receive any treatment and cells thlat.-Wer'e transfected with
DOTAP:Chol-FUS1 complex only (Fig. 2B). The inhibitory activity exerted by U0126 was neither
time-nor dose-dependent. p44/42MAPK expression levels was decreased more than the baseline
expression seen in untreated control cells. These results suggest that p38MAPK and‘
p44/42MAPK can be effectively inhibited using inhibitors targeted towards these molecules.

The effect of napro;ten, a non-steroidal anti-inflammatory srhal! molecule targeted to C’OX~2 was
next investigated, Treatment of cells with naproxen prior to transfection with DOTAP:Chol-FUS1
complex resulted in a significant inhibition of various MAPK that included p38MAPK, pJNK, and
p44/42MAPK compared to cells that were transfected with DOTAP:Chol-FUST complex only iF’ig.
2C). The inhibitory effect on various MAP\K» correlated with decreased expression of their
downstream substrates, pATF-2, pc-Jun and COX-2. Additionally the inhibitory effect on MAPK
expression appeared to increase over time. Baseline expression of p38MAPK, pJNK,’and ,
p44/42MAPK was observed in untreated control cells. These results demonstrate that naproxen in
addition to inhibiting COX-2 also inhibited all three kinase molecules that are /-‘aS“sccia"ted with
inflammation. Thus naproxen appears to function as a broad-spectrum inhibitor inhibit’ing‘ mmtiptev
signaling molecules. Furthermore, based on Its ability of to function as a broad-spectrum inhibitor
we speculated that naproxen would be more effective than SB 203580 and U1026 in vivo. Hence, |

in all subsequent experimerits we tested naproxen.

Lipoplex-mediated activation of AP-1 is inhibited by naproxen. Recent studies have
demonstrated activation of p38MAPK by CpG containing DNA !eads' to the activation of
transcription factor CREB/AP-1, that is an important mediator of inflammation (34). Presence of
consensus AP-1 DNA binding site in the promoter region of several Qenes including COX-2 has

«
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been repofted (34). Based on these reports and ability of DOTAP:Chol-FUS1 »compléx to induce

COX-2 expression we speculated activation of AP-1 and that pretreatment With naproxen will
result in reduced AP-1 DNA binding activity. Therefore to test this possibility, cells treated with
DOTAP.Chol-FUS1 complex in the presence or absence of naproxen were analyzed for AP-1
DNA binding activity by electro-mobility shift assay (EMSA). Untreated cells served as control in’
these experiments. Increased AP-1 activity was observed in DOTAP:Chol-FUST transfected celis‘
compared to untreated control cells (Fig. 3). In contrast, treatment with naproxen resulted in
inhibition of AP-‘I activity. Our data shows DOTAP:Chol-FUUST treatment results in activation of
AP-1 that is inhibited by naproxen. Furthermore, AP-1 activation cotrelated with the activation of
MAPK molecules that are upstream to these transcriptional factors. Correlation was also observed

with the activation of COX-2 that is downstream of AP-1.

Lipoplex induced PGE; production is inhibited by naproxen. PGE; is a subétrate fo‘r'CGf(—Z,
Activation of COX-2 results in breakdown of PGE; into its metabolites that are potent inducers of
inflammation (35, 36). Since naproxen inhibited lipoplex-induced COX-2 expression, we tested
whether PGE; production is also inhibited. To test this possibility secreted PGE; levels were |
measured in the tissue culture medium growing cells that were transfected with DOTAP:Chol-
FUST complex in the presence or absence of naproxen. PGE; expression levels were determined
by ELISA. As shown in Fig 4, treatment of cells with DOTAP:Chol-FUS? complex resU‘lted ha
time-dependent increase in the secreted PGE; levels (2000—4000 pg/mi) compared to the basal
level in untreated control cells (10 pg/ml). However, pretreatiient of cells with naproxen prior to
transfection with DOTAP:Chdl~FUS1 complex resulted in a significant inhibition of PGE; (33«120
- pa/ml; P= < 0.001). In fact the inhibition was almost complete starting from 2h after trar;sfection.

Similar results were also obtained from murine macrophage cell line (RAW 264.7; data not

mu



shown). These results demonstrate the ability to naproxen to effectively inhibit both COX-2

expression and its substrate PGE; that are important mediators of inflammation.

Lipoplex-mediated transgene expression in not affected by naproxen. Althcugh suppression
of lipoplex-mediated signaling molecules was demonstrated, one gquestion that remains
unanswered are the effects of the inhibitors on transgene expression. The possibility that the
inhibitors can also suppress transgene expression existed. Furthermore, pfevious studies have
shown that lipoplex-mediated inflammatory cytokines inhibit transgene expression (37). Therefore
we investigated the effect of naproxen treatment on transgene expression using luciferase ‘as a
marker gene. Luciferase expression was observed at 15h in both, cells that were transfected with
DOTAP:Chol-luc complex containing naproxen and in cells that | were transfected with
DOTAP:Chol-luc and not treated with naproxen (Fig. 5; P=< 0.001). Furthermore, luciferase
expression was greatly increased in naproxen treated cells compared to ¢élls that were not
treated with naproxen. No luciferase expression was observed in cells that were untreated
(control) or treated with empty liposome. Enhanced transgene expression was also observed in
lung tumor cells that were transfected with DOTAP:Chol-fuc complex in the presence of na_prioxeh
(data not shown). Thus, naproxen treatment results in selective inhibition of signaling molecules

associated with inflammation without affecting transgene expression.

Lipoplex-induced inflammatory response is suppressed by naproxen in vivo. Preliminary
studies from our faboratory demonstrated showed that intravenous injection of DOTAP:Chol-FUS1
complex resulted in the induction of an inflammatory response that was dose-dependent. l"hjecﬁon
of 100 pg of FUST plasmid DNA complexed to DOTAP:Chol. liposome resulted in éc’ute’

inflammatory response resulting in 100% mortality (Began et al., unpublished data). Based these

12



observations we tested whether pretreatment of animals with naproxen prior to intravenous
injection of a lethal dose of DOTAP:Chol-FUS? complex would suppress the acute inflammatory
response, Suppression of inflammation by naproxen was determined by measuring TNF-c, a key

mediator of inflammation (38), and by analyzing the lung tissues for the inflammation-associated

~ signaling molecules at various (2h, 4h, 15h) time points after treatment.

Analysis for "TNF~a in the blood of animals that were injected with DOTAP:Chol-FUST com‘p!ex
showed maximum TNF-o expression levels at 2h (873 pg/ml) and decreaéed over tiiméj."_(Fig‘. BA; P
= «0.04). In contrast, the TNF-a expression levels was reduced by half at 2h (411 pg/ml) in
animals that were pretreated with naproxen prior to injection of DOTAP:Chol-FUS? complex.

Reduced TNF-a in naproxen treated animals was also observed at all time points tested. These

| results showed that naproxen suppressed DOTAP:Chot-FUS1 complex induced TNF-a.

We next tested for the expression of inflammation-associated signaling molecules in ‘thjev lung
tissues of mice that were either treated with naproxen or not treated with naproxen. As observed
in our in vitro experiments, a marked activation of p38MAPK, pJNK, rp44/42MAPK ahd their
downstream substrates pATF2, pc-JUN, and COX-2 was observed in the lung of mice that were
intravenously injected with DOTAP:Chol-FUST complex compared to the Jungs of coritrol mice
that did not receive any treatment (Fig. 6B). Activation of the signaling molecules was observed at
all time points tested with maximum activation oc‘cUrring at 2h that correlated with TNF-o
production. However, activation of the various signaling molecules Was markedly SUppréssed in
the lungs of mice that were treated with naproxen prior to receivin'g' DOTAP:Chol-FUST comiplex.
Suppression of activation of signaling molecules by naproxen was observed as early as 2h after
DOTAP:Chol-FUS1 complex treatment. The inhibitory activity of haproxen on 'the activation of

signaling molecules correlated with its inhibitory activity on TNF-c. Our results show that naprbxen
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inhibits TNF-o production by inhibiting various signaling molecules that are as‘Sociéted with its

induction.

. Discussion

‘We have previously demonstrated DOTAP:Chol. liposomes to be an efficient systemic gene
delivery vehicle that effectively delivers therapeutic genes (p53, Fhit, FUS1, mda-7) to primary and
~ ‘disseminated lung tumors in mice resulting in a therapeutic effect (12, 19, 2'0‘). Fu"r‘t’hehﬂore’, we
have recently shown that tumors in the lung selectively uptake DOTAP;Chol-DNA comple\Xes _
compared to surrounding normal tissues resulting in increased transgene 'e'xpréssion in the tumors
(20). Based on the“ unique properties of DOTAP:Chol. liposome and the results obtained in our
preclinical studies, we have recently initiated a Phase-! clinical trlal for systemic treatment of I’ungy
cancer with the FUST tumor suppressor gene. However preclinical toxicity studies from our
laboratory revealed dose-limiting toxicity for DOTAP:Chol-FUS? complex ‘(Ra’m’e‘sﬁ et al,
unpublished data). Toxicity was associated with the induction of an acute inflammatory response.
Induction of an inflammatory response following intravenous administration of liposome-DNA
~ complex Is not surprising and is in agreement with previous reports from other laboratories (25-
30). However, our results also suggested the potential limitation of DOTAP:ChdI—bNA complexes
for systemic therapy. Furthermore, it was also realized that the therapeutic window to observe a
responise in & clinical setting would be narfow. Thus if the doses required to achieve a therapeutic
résponse were close or higher than the maximum tolerated dose (MTD) than it would not be
possible to successfully treat patients and achieve a therapeutic response. We therefore explored
strategies to overcome the existing limitation-induction of inflammatory response, thereby making
DOTAP:Chol. liposome ‘based systemic therapy feasible as well increasing the therapeutic

window.
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In order to overcome the existing limitation, we had to have a better understanding of the
underlying mechanism responsible for lipoplex-mediated inflammatory response\. A role for
p38MAPK, p44/42MAPK, and JNK in inflammation has previously been demonstrated {39-41).
Based on these reports we first examined for these inflammation-associated signaling mdiecu!taS'
after lipoplex treatment. In vitro experiments showed lipoplex activated MAPK's (p38, p44/42),
JNK, and their substrates that included pATF, and pc-Jun suggesting that these molecules may

be participate in lipoplex-mediated inflammation.

Although activation of MAPK's and their substrates was bbsenfed, they alone do not directly

contribute to inflammation. One molecule that is frequently activated by these kiriases is COX-2

resulting in PGE, production. Activation of COX-2 by MAPK’s and JNK has been shown to depend

on the cell type, stimuli, and species. Furthermore, each MAPK has a different regulatory role in

COX-2 gene transcription. In macrophages activated by human herpesvirus 6, JNK has been

shown to play a critical i’egulatory role in human COX-2 gene iranscripfion (42). Similarly, role for

JNK in murine MC3T3-E1 osteogenic cells stimulated with TNF-o. plus IL-1f has been reported

- {43). Requirement of both ERK and JNK for COX-2 promoter activity induced by IgE receptor

aggregation has been shown in mast cells (44) while a role for ERK1/2 and p38 in regulating

HSPB0-induced COX-2 expression has been shown in macrophages ‘and endothetial cells (45).

Increased levels of COX-2 lead to production of PGE-2, a breakdown product of arachidonic acid.

Elevated levels of COX-2, and PGE, have bee reported in inflammation and its associated

disease process (46, 47). Similarly, the presence of CpG motifs in the plasmid DNA has been
shown to induce COX-2 expression and prostaglandin production contributing to the development

of airway inflammation (48). In the present study we showed activation of both COX-2 and PGE;
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production after lipoplex treatment suggesting it may play a role in lipoplex-mediated inflammation.
However, the kinase (p38MAPK, p44/42MAPK, and JNK) activating COX-2 and PGE; production
is not clear since all three kinases were activated. We are currently investigating the role of

individual kinase in the lipoplex-mediated inflammatory response.

Activation of COX-2 by MAPK’s including ERK, JNK and p38MAPK has been shown to be
mediated by AP-1 (49). AP-1 is a potent transcriptional activation factor that ¢an bind to the
promoter reglon of several genes and activate their transcription. We therefore analyzed for AP-1
activation by EMSA. A significant activation of AP-1 was observed in lipoplex treated cells.
Activation of AP-1 was observed as early as 2h that correlated with the activation of MAPK'S and
COX-2. Qur results demonstrate that the molecular signaling pathway for lipoplex-mediated
inflammatory response involves all three MAPKs (p38MAPK pJNK and ERK) leading to COX-2
and PGE-2 producﬁoh‘ vié AP-1 activation. The possibility of NFxB involvement, another
transcriptional factor, was also examined. However, activation of NFkB was not observed in
lipoplex treated cells (data not shown). To our knowledge this is the first report detailing the |

- pathways for lipoplex-mediated inflammatory response.

Now that we have identified the signaling molecules associated with inflammation, we next
investigated the potential use of small molecule inhibitors targeted towards pSSMAPK ('S'B}
203580), p44/42MAPK (U0128), and COX-2 (naproxen) thereby suppressing ihﬂamrﬁa’t‘i’on; In vitro
experiments demonstrated that each of the inhibitors was able to significantly and selectively
suppréss’ activation of the target molecule when cells were pretreated prior to ireatment with
lipoplex. Furthermore, inhibition of activation of the target molecules resulted in the suppression of

COX-2 expression. Additionally, treatmient with the Inhibitors did not affect the transgere
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expression. These exciting results raise the possibility of their potential use in suppressing
lipoplex-mediated inflammation via inhibition of COX-2, a downstream target common to the
MAPK's. However, their use is limited to in vitro situations unless they are proven to be effective in

vivo.

We next investigated whether lipoplex-mediated activation of signaling molecules observedkin vitro
is also activated in vivo and can be inhibited by small molecule inhibitors. For this \pufp‘ose mice
that were either not treated or treated with an oral dose of naproxen were subsequently injected
with a lethal dose of lipoplex ahd analyzed for suppression of inﬂa’mmaﬁo’n at various levels.
Analysis for TNF-¢, a proinflammatory cytokine produced following sys;terﬁid'fadministraﬁon of
lipoplex was significantly suppressed in naproxen treated animals compared to ‘an,ima!s that did
not receive naproxen treatment. Molecular analysis of lung tissues for écﬂvati’on of Signaﬁng
molecules that were identified in our in vitro éxperim’ents‘ demonstrated écﬁVaﬁon of all of the
markers (p38MAPK, p44/42MAPK, JNK, COX-2) in lipoplex treated animals. However, activation
of these molecules was significantly inhibited by naproxen akin to our in vitro results. The
suppression of‘%ctwation of these various inflammation-associated signaling molecules by' a
naproxen resu!ted in 100% survival of animals receiving a lethal dose of lipoplex (Began et al.,
unpublished data). Furthermore, naproxen treatment did not inhibit FUS1 protem expression in
vivo but rather slightly enhanced the expression suggesting the possibility for erhanced
therapeutic effect (data not shown). The ability of naproxen to inhibit COX-2 expression is
expected and ot surprising, as previous studies have shown it to be a COX-2 inhibitor (50, 51).
However, inhibition of MAPK’s by naproxen observed in the present study was unexpected and
surprising. Based on our results we speculate that naproxen in addition to its d’i’rect inhi’bitory
activity on COX-2 also exerts its inhibitory activity on additional molecules such as MAPK’s as

shown in Figure 7. It will also be interesting to test whether combination of naproxen with lipoplex

17



carrying a tumor suppressor gene such as FUS1 will enhance the therapeutic ‘effect. We are
curfently examining the mechanism by which naproxen inhibits MAPK's. Whatever the uﬁ‘det‘lyi'ng_
mechanism of action by naproxen may be, our results clearly demonstrated that pretreatment of
animals with naproxen prior to systemic administration of lipoplex results in suppression of

lipoplex-mediated inflammation leading to animal survival.

In conclusion we have demonstrated the signaling mechanism and strategies to suppress
, !ip0p192~med§ated inflammatory response. Thus, use of small molecule inhibitors TSb"ch as
naproxen alone or in combination with other small molecule inhibitors prior to lipoplex based
systemic therapy will be of clinical significance both in ferms of 1suppfessing toxicit_y as well
ingreasing the therapeutic window. Howevér, additional preclinical studies related to ',tOXicity,

dosing, and therapeutic efficacy are warranted pﬁor to incorporation of this strateqy m future

Phase I/l clinical trials.
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Figure Legends

Figure 1.

Figure 2.

Lipoplex-mediated induction of inflammation associated
signaling molecules. MRC-8 cells were transfected with empty
liposome, naked plasmid DNA or DOTAP:Chol-FUUS1 complex and
analyzed for inflammation associated signaling molecules by
western blotting at 2h and 4 h after transfection. Cells that did not
receive any treatment served as negative control. B-actin was
detected as internal Joading controls. The expression levels were
determined by densitometery and the values determined with

control value arbitrarily set to 1.

_ Suppression of lipoplex induced inflammation-associated

“signaling molecules by small molecule inhibitors. Cells

pretreated with various concentrations of A, p38MAPK inhibitcjr, SB
203580; B, p44/42MAPK inhibitor, U0126; and €, COX-2 inhibitor,
naproxen were transfected with DOTAP:Chol-FUS7 complex. At 2h
and 4h after transfection cells were harvested and analyzed for
signaling molecules by western blot analysis. B-actin was detected
as internal loading controls. The expression Ievels"We‘re determined
by densitometery and the values determined with control value

arbitrarily setto 1.
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Figure 3.

Figure 4.

Figure 5.

- Lipoplex-mediated activation of AP-1 is inhibited by naproxen

MRC-9 fibroblast cells were not treated or treated with naproxen

(0.5 mM) prior to transfection with DOTAP:Chol-FUST complex.

Celis not receiving any treatment served as control. At 2h after
transfection cells were harvested, nuclear extracts prepared, and
AP-1 binding activity using consensus ofigonucleotide probe was

determined by EMSA. Untreated cells served as control in thése

experiments.

Inhibition of lipoplex induced PGE; production by naproxen.
Cells were either not treated or treated with naproxen (0.5 mM)

prior to transfection with lipoplex (2.5 pg DNA). ﬁ'iSsue culture

supernatant was collected at various time points and analyzed for

PGE, concentration usin’g a PGE; enzyme im‘fnunoa‘ssay Kit. A

significantly inhibition in PGE; levels were observed in naproxen
treated cells compared to cells that were not treated with naproxen,
Naproxen inhibited PGE; levgls at all time po‘fnfts‘ tested. Data is
represented as the average of triplicate wells, Bars“ denote standart

€rror.

Naproxen does not affect transgene expression. Cells were
either not treated or treated with naproxen prior to‘transfecﬁon'with

DOTAP:Chol-luc complex. At 2h, 4h, and 15h after transfection cell
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Figure 6.

lysates were prepared and assayed for luciferase activity.
Luciferase activity was observed in both naproxen treated é’h‘d
untreated cells. However, a slight increase in luciferase activity was‘
observed in naproxen freated cells. Luciferase activity was
expressed as relative light units per milligram of protein (RL‘U/mg'
protein). Results are represented as the average ftriplicates. Error

bar denotes standard error.

Lipoplex induced inflammatory response is inhibited by
naproxen in vivo. Mice were divided into three groups and treated
as follows: Group 1 received no treatment and served as control;
Group 2 received an intravenous injection of DOTAP:Chol-FUS1

complex; Group 3 received an oral dose of naproxen (15mg/Kg) 3h

prior to receiving an intravenous injection of DOTAP:Chol-FUS1

_complex. Animals were euthanized at various time’ points and

analy}_ed‘for TNF-a in the blood and signaling molecules in lung
tissues. A, lipoplex-mediated TNF-ot e_‘xp‘ressidvni was ‘markedly
suppressed In Group 3 mice compared to TNF-a expresSibn‘ in
Group 2 mice. Baseline TNF-o levels were observed in Group 1
mice. Bars denote standard error. B, inhibition of various
inflammation-associated signaling molecules was observed in the
lungs of Group 3 mice compared to the lungs from Group 2 mice.
Baseline expression levels of the signaling molecules were

observed in the lungs of Group 1 mice. The expression levels were
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Figure 7.

determined by densitometery and the values de’termined with

control value arbitrarily set to 1.

Schematic representation of the inflammation-associated
signaling pathways induced by lipoplex and potential targets

for naproxen. Intravenous injection of lipoplex results in activation

of the various signaling molecules leading to the activation of CO}(—

2 that breaks down arachidonic acid into PGE; me‘ta’bbﬁte‘s.'
Production of PGE, metabolites leads to inflammation. However,
naproxen inhibits PGE, production by inhibiting COX-2. Additional!
potential inhibitory targets for naproxen include the MAPK’s, NF«B,

and AP-1.
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ABSTRACT

Purpose: This study was eonducted to develop biologi-
cafly relevant animal models of human lung cancer that are
reprodutible, incxpensive, tnd easy to perform.

Experimental Désign: Human hing ddenotarcinoma
(PC14PE6), bronchioloalveslar carcinoma (NCI-H358),
squamons cell carcinomn (NCI-H226), poorly differentiated
non-small cell lung cancer (NCI-H1299.and A549), or small
eell Jung cdncer (NCI-H69) ¢ells In Matrigel were injected
percutanesusly into the Teft lungs of nude mice. Thi growth

pattern of the different lung cancer furtors was studied. For

PCI4PES and NCI-HA58, the growth pattern'ih the subeutis
and the response to paclitaxel were also studied.

Resulis: As is ohserved for hurmsn primary hung eancer,
tumors formed from a single focus of disease and progressed
t6 a widespréad and fatul thoracic process characterized by
diffuse dissemination of lung cancer in both lungs and me-
tastasis to intra--and extrathoracic lymph nodes. When the
Tung cancer ¢eéll Hinés weie implanted s.c., systemic therapy
with paclitaxel induced tumor regression. However, only a
Hmited the'rapeuﬂc reésponse to paclitaxel was obsérved
when the same ¢ells were implanted orthotopically into the
junp. Tmmunohistochémical analysis of tunior tissue Fe-
vedled Increased eXprigslon of the proanglogenic Tactors
interleukin 8, basic fibroblast growth factor, and vascalar

- eiduothelial growth factor/vascular permeability factor.

Conclusions: Our’ orthotopic models of haman lung
eancer confirm the “seed and soll” concépt nnd likely pro-
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vide more clinieally rélevant systems for the study of both
non-small cell lunig cancer dnd smisll éell fung cancer biol-
ogy, and for characterizing novel therapeutic strategies.

INTRODUCTION

Lung cancer is & major health problers worldwide, and the
feading cause ‘of cancer related death. for Both men ‘and worer
in the United States with an annusl monality rate that execeds
breast, prostate, and colorectal cancers combined (1), Tn most
cascs, luig ‘cancer patieats die diagaused With advanced inop-

, erable disease, and the only therapeutic aption s systemic

chematherapy., Unfortunately, recent studies have concluded
that conventional therapies niay have réached a ceiling of clin-

dcal impact as evidenced by the S-year survival for NSCLC*and

SCLC, which remains at 14% and 5%, respectivély (2). Clearly,
4 mew gpprodch fo the therdpy of Jung cancer is ‘mandatory,
Because organ micrsénvironmenit inifluences the pheériotype of
wmor cells, as vriginally enunciated by Pagets® “seed 4nd s6il”
theory (3) and confirmed by others (486, the identification of
fiovel thempeutics depends on the availability of b:alogxcnﬁy
wlevant in vivi models (7).

NSCLC represents 80% of all lung cancer cases, dnd most
research focuses on this subtype, includingthe development of
several orthotopic models of human NSCLC in rodents. These
models' include implantation of human cancerons tissue “ob-
tained surgically (8) and the injection of tumor eclls into the
sodent dirways (9-11), pleursl cavity (12, 13), o' lunig paren-
chytna after skin incision (14) or thoracotomy (15-17). In con-
trast, only two repons describe the use of otthotopic models 1
study SCLC, which comprises 20% of all lung cancer cases (5,
12). Despite their availability, orthotopic models of human lung
ganter dre not’ widely used. and most of the research and
development of novel therapeutics for Jung cancer still relies
upon s.e. tumor models, which are potentially less elinically
rélevant,

In this article, we describe the develophignt 6f orthotopic
madels for different primary human lung cancers in athymic
niide mice. We have developed models of edch of the most
common lung cancer histological types including ‘adentcarsi-
noma, squamous cell, bronchioloalveolar, ‘and small cell. For
each tumar type, lesions develop after direct injection of 4 tamor
cell suspension into the thorax of the mouss, making it a
fepraducible techiiique 1o stidy either NSCLC 6f SCLC human
turnors. The present model recapuuiates the local and regional
growth pattern seen in Jung cancer patients, i.e., from a'solitary

+The abbreviations used are: NSCLC, -non-small cell ludg - cander
SCL(" small cell lung gancer; it, inteathoraci; ¥BS, fetal boving
m; OFP, grien fuorsséent ‘provein; THC, immusiohistochermistry;
BFGF, basic fibroblast pgrowth factor; ‘VEGF, vascular endothelial
growth factor; 1L, interleukin; VPF, vaseular pertheabitity Factor.
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“nodule {o a diffuse thoracic disease involving both Tungs and the

Iymph nodes. Furthermore, in contrast to tumots growing s.c.,
turnors In the Junp are less susceptible to tréatnient with pacli-
taxel, sugpesting that orthotopic models are mofe relevant w
evaluate chemotherspeutics and other therapies for hurnan lung
cancer.

MATERIALS AND METHODS

Céll Lings and Tissue Culture Conditions, Six human
lung cancer eefl lines were smdied. NCI-H358 (bronchidlpal-

- weolar carcinoma), KCI-H1299 and A549 (poorly differentiated
“NSCLC), and NCI-H69 (SCLC) were obiained from the Amer-

iean Type Culture Collection (Mamssas. VA). PCI4PEG was
selected from human adenocidrcinoma cell line PC14 to produce

" pleural éffusion when injected into mice (18, 19). NCI-H226

(lung squamous cell carcinotng) was the gift of Dr. Jokn D,
Minng, Uriversity 'of Texas Southwéstern Medical Center {Dal-
las, TX; Rel. 20). B16BL6 melanonia cells (21-23) were ini-
tially used to determine the feasibility of the orthotopic injection
procedire. Floating aggregates of NCI-H69, floating and adher-
ent monolayer cultures of PCI4PES6, and adhérent monolayer
cultares of other cell lines were jncubated at 37°C in 5%
CO95% sir. NCI-H358 was cultured in RPMI 1640 supple-
mented with 10% FBS, 1-glutamine, and penicillin-streptomy-
cin, NCI-HA9 cells wore gultured in Dulbecco’s modified MEM
supplemented with 10% FCS and penicillin-streptomycin. Al of
the other'eelf Jines were cuhwred in Eagle®s MEM supplemented
with 10% FBS, sodium pyruvate, nonessential amino acids,

L-ghitdmine, 2-fold vitamin solution, dnd penicitlin-streptoray-
cin mixture (CMEM; Flow Laboratories, Rackvitle; MD). All 6f
the tumor cell cultures were free of Mycoplasma, and the fol-
Jowing pathogenic mutine viruses: retrovirus type 3, pneu:
fronia virus, K viriis, Theiler*s enéephalitis virus, Sendai virus,
minite virus, mouse adenovirus, mouse hepatitis virus, lymipho-
eytic choriomeningitis wvirus, ectromelia virus. and lactate
dehydmnennse virrs {assdyéd by Microbiological Associates,
Béthesdn, MD).

Animgls and Animal Care. Male athymic nude mice
(I\Cr-mr} and CS7BL/G mice were purchased fron the Animal
Production Area of the National Cancer Institute-Frederick Cati-
ger Research and Development Center (Frederick, MD). The
micé were housed and maintained in specific pathogen-fice
conditions ih facilities approved by the American Association
for Accreditation of Laboratory Animal Care, and in sccordance
with current regulations and standards of the United States
Department of Agriculiure, United States Degartrent of Health
and Human Ser'vik.m gand the M’H 'ﬂu mice were used in
wecks old. ‘ _

Matrigel and Preparation of Cell Suspension for Lt.
Injectlon, Matrige! is a basement membrane matiix prepara-
tion extracted from Engélbieth-Holm-Swaim mouse sarcoma
{Becton Dickinson & Co., San Jose, CA; Refs. 14, 16, 17). For
all of the experiments a stock solution of 500 jug Matrigel ini 1
mt PBS using a dilution factor of approximately X30 according
to compoiind concentration was used. Cell suspensions for tho-
ricic injections were prepared of equal volumes of eells in PBS
and Matrigel stock. giving final dilution factor of approximately

%60. Matrige! was thawed on ice to avoid gel formation, which
can rapidly occur at room temperature or ghove. In‘accordance
with the manufactater's instructions, all of the e&l} line suspen-
sions, syriniges, and necdles were kept on ice before injections,
To prepare suspensions of nimior cells in’ Matrigel, ddherent
turnor cells were harvested from subconfluent cultures by a brief
exposure to 0.25% trypsin and 0,02% EDTA. Trypsinization
was stopped with medium containing 10% serum, dnd the cells
were washed once in serum-free mediurn and resuspended in
‘PBS. Floating cells were collected after centrifugation: Trypan
blue staining was used to assess cell viability, and on}y ﬁ‘ingle—
cell suspensions of >00% viability were used for the ¥ injections. -
‘Both Matrige! matrix and growth factor—redumd Matnge)
matrix were tised.
it. Tnjection. Mice anésthétized with sodium pemobar-
bitat (50 mg!kg body weight) were placed in the right lateral
decubitus position. One-ml tuberculin syringes {Becton Dickin-
son) with 30-gauge hypodermic needles were used to inject the
cell inoculum percutanedusly into the left Tateral thorax, at the
laters! dorsal axillary ling, *1.5 cim #bove the lower rib line just
below the inferior border of the seapula. The needle was gidckly
advanced 5-7 mm into the thorax and was quickly removed
after the injection of ¢ell suspension, After timor injection, the
mouse was turned to the Teft lateral decubitiis position. Anlmials
were abserved for 45-60 min until fully recovered.

$.c. Flank Infection. For s.c. flank isjections, unanesthe-
tized mice underwent s.¢. injectiofeof cells suspended in a
volume of 100 ji1 HBSS {Sigma Chemicals Co., St. Lovis, MO)
directly into the flank using 1-ml wibercutin syringes (Bccton
‘Dickinson) with 30-gauge hypodermic needles. For chemother-
apy experitents, mice were injected with tumor cells in 150 !
PBS with Matrigel. The cell suspension was prepared as de-
geribed above for 1.1, injection. Mice were then examined daily
for evidence of tumor development,

In Vivy Selection of Cell Lines for Increagcd Tuniori-
genleity. Using ‘the Lt injection techiiiqe’ déséribed above,
NCI-H226 cells were injecied into the lungs of nude mice The
mice were killed when moribund, and he largesi thoracic:tu-
mors were harvested by aseptic-techniques, dissoctated fiechar-
ically using pipetting, and placed into culture for three 1o five
passdges (24). The célls were then reinjected info the' hmgs of
nude mice.

In Vitro Selection for Incressed Tumiorgenicityr
Growth in Seniisolid Agarose. NCI-HGE9 in virro sélection
for incrcasell invasive properties i vive was dccomplishéd
using agarose, as deseribed previous!y (25 26). Briefly, aghrose
{Sigma Chemical Co.) was dissolved in distilled water and
autotlaved. Base layers of Eagle’s MEM with tryptose phos-
phate broth. 10% FBS, and 0.6% agarosc were set in six-well
plastic dishes, Ovér this bottom layer, a'second layer of medium
containing dgdrose and 4 stspension of 1 X 10° single ‘whior
eells was lzud The corcentration of agarose iri thie top layer was
0.9%. After the top layer pelled, 12 mi of CMEM mediurm with
10% FBS was added. Colonies formed from single cells were
hérvésied and expanded by growth as monolayer cultures for

Cin vive ifjection.
»  ‘GFP Transfection Protocol. For GFP transfection, cal-

tures of PCI4PEG and NCI-H358 ar 70% confluency were
transfected with PEGFPC1 plasmid (Clontech Laboratories Inc.,



5534 Orthotapic Mode! for Human Lurig Cancer

Palo Alto, CA) using Fuliene VI transfection reagents (Roche
Molecular Biochemicils, Indianapolis, IN) according to {he
manufacterer's protocol. Afierd8 h, the cells wete harvésted by
a 0.25% trypsin-0.02% EDTA solution and placed at a ratio of
1:15 into selective medium containing 800 pg/mil G418 (Life
Technologies, Inc., Gaithersburg, MD) and plated. Ncomycm-

resiseant clones were isolatéd with cloning cylinders by frypsin-

BDTA, For in vivo studies. clones with high-intensity GFP’

fluorescence and stability were pooled. PCI4PES cells (0.5 X
10%) or NCI-H358 cells (1 X 10°) in Matrige! were injected into

Fzg 1 A0 dcmnnstmtc fluld
spreading afier injection into
‘the thorax, a 27.5-gauge needle
was inserted into the left Tung
ofa nude miouse (Faxiwon X-
my 1m:zgc) B, the image was
tiken mmediately afer an in-
Jection of 75 yilt of iohiexol (61h-
‘nipaque), an‘fodinated contrast
agient. The fluid blunted the fip
of thefisedle to' iheé tutig parcn
thynid and Aecumiftated in the
plenra skcording ©  gravity
forces (afrows). €, the solitary
‘nodulés surrdimded by & nor
mal lung déveloped several
‘dAys. dfter injection of rimor
cells-with Matrige!, which an-
chored them and prevented cell
Hiispensio spread. PCIAPES
{adénovarcinima)  wimor, 9
«days after tumor implantation:
D, diffuse thoracic disease in-
volving ‘the ‘injected gite, the
‘contralarerdbslung, and lymph
modes, Note ‘the hesrt {artow-
head) and the small portion of
the Tung (arrow). E, THC stafn-
- dAng evealed that luhg eancer in
this system “expressed bEGF
from & enrly stage of disease.
Fitostudy the sequenee of rie-
tastasis we tranfected two ¢l
_lines with GFP. The lesith 1§'a
“mieroseopic left lung turor on
Uddy’ 4 dfler  injection of
PC14PES cells with Matrigel,
At thistime, we found metast-
is in the regional lymph nodes
and the dght lung:

the lungs’ of 10 mice. The mice (/groug) wiérekilled at sequen«

fial time points thercafter.
Chemotherapy Studies. Theripeutic effects of pacli-
taxel were detérmined using NCI-H358 twimdrs itiplanted i.t.
(1 X 10° cells in 75 pl) or sic. (2.5 X 105 cells in 150 ply, or

for PC14PES i.t. turiors (0.5 X IO‘cellsm 75 pl) ors.e. (1.5 X

10° cells in 150 ul). All of the cell suspensions were prepared
in Matrigel. Four éxperiments were carried out with NCI-H358
it tanors: one with 8.6, tuhors, ong with PC14PEG i1, and two
s Inall of the experiinents, mice weére randoinized on day 7
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Table I Production of thoracic tumors

Titration of hufitn NSCLC and SCLC celt linés was conducted th detcrmine the best nitober of cells needed to mpcazedly produce orifitopic
thoratic thinors In nude tice. Cells were injected in Matrige! into'the left tung, as described in the fext. Tumors metastasized to thoramc Tysiph nodes

and ihe contralaterat lung.

R lung m_wsix_xsesf/

Cell Tumor Survival Lymph node

Cell line Histology pumber development  (days) ‘metistases
PCI4PES Adenocarcinoma® 0.5 % 10° 10410 26-30 ‘ ++
1% 10% 10/10 18-23 H
, 2 x 10° 10710 14-18 A+
‘NCT-H358 "Bronchioloalveolar carcinoina 0.5 X 10° 810 70-80 s
1% 10° Y10 5663 ERAS
N , ' 2% 10 1010 42-49 F1+
NCLH226 Squamous 15 X 10% 10716 63-70 ‘ ++
o 2% 108 810 354 mo +H
NCI-H1209 Poorly diff NSCLOC ix10° 1010 32-40 ) . ++
AS549 Poorly diff NSCLC 1 X0 10710 50-60 +14
NCI-H69 SCLC 1.5 X 10% o0 50-56 4
2 X1 124 up to 4 mo _ e

v I’C‘M}’l‘é tummors were associated with pleural effusion. "The amount of effusion collected was inversily rélated 1o m:mbcr oF cells injected as

described in “Resuls™

#NCIH226 cells were selected three ¢cycles @i vive in the lung to improve wimor uprake and shottei survwal timeé.
£ NCT-H69 cells 'were sdlected on aparose for 4 more tumarigenic clone.

aftér tamor implantation 1o a conteol avm {i.p. 200 p) PBS/single
dose/werky or a treatment arth [1.p. 200 i pactitaxel, dosages
ranged from 100-200 g (48 mgskg)single dose/week], For
each of the cell lines, the experiment was terminated when iLt.
conteol mice bezame moribund. This, &1 of the it énd s.c. mice
for & particular cell ling had the same number of chemothérapy
cycles and, sxmukmcomlv they were killed, autopsied. and
futior tissues were harveqted
Necropsy, Tissue Preparation, and IHC Staining,
Mice were killed with a lethi? dost of sodium pentobarbital
{100 mg/kg ‘body weight), Subsequent (6 8 lapdrotomy, ‘the
thoracie eavity was inspected through the dxaptmgm for
evidenceof p!euml effusion. Anly pleurdl effusion was collected.
and the thoracic organs were then femoved enblock, mcludmg
!l of the lymph riodes and fumiors. After dissection and removal
of the heart, the lunp and tutmor wrinss were washed in cold
PBS and weighed. Other visceral organs were rensoved #iid
inspected for presence of metastases. Subcutis tumors were
remmoved, washed in PBS, and Wweiphed. For THC and H&E
staining procedures, one par of tie titmor was fixed in fortnatin

" and embedded In paraffin, and another pant was embedded in

OCT compound (Miles, Inc., Elkhart, IN), rapidly frozen in
hqmd fitragen, #nd stored in ~80°C, THC determination of
bIFGE, VEGF/VPF, anil L8 were performied as described pre-
viously (27).. )
Microscopy anhd Imaging. For studies of tumor cells
transfected with GFP, a Leica (model MZ FLIID fluoreseence
disseering stereomicroscope was used to visualize fluorescent
metastases. The microscope was equipped with a 100-W, mer-

* eury vapor lamp power soutee and fivted with a GFP filtér sét.

Images were processed using Image Pro Plus (version 4.0;
Media Cybernetics, LP., Silver Spring, MD) and Adobe Pho-
toshop (version 5.5; Addbe Systems Inc., San Jos¢, CA). Dig-
italized imaging was performed using Faxitfon specimen radi-
opraphy system ‘model MX-20 (Faxitron X-Ray Corp.,

‘Wheeling, TL). Encrgy was set to 26 kV, dme'to 10 5.

RESULTS I \
Formation of Lung Tumors. In the initial set of éxper-
iments, we determitied the volunie of tumor cell inoeulum
niecessary to produce lung lesions without Ieadmg t6 irimediate
toxicity. For this purpose we used the h1ghly rastatic BIGBLS
melanoma cells, which were implamed into the Iungs of synge-
neie C37BL/G mice. We selecied the i xmecnan volume of 75 ul

Matrigel contdining suspended tumor cells. The necessity of ‘

Matrigel as an anchor 1o tumor cells, to avoid diffuse spread in
the thorax, is demonstrated in Fig. 1, A'and B. Injection of tumor

cells in saline resulted in spread accordmg to"pravity fordes,

whereas injection of tumor cells with Matrige! formed & solitary
lesion as an initial foeus of disease: Four NSCLC cell lines
(PC14PE6, NCI-H1209, NCI-H358, ‘and A549) stspended in
Matrigel were injected into the 166t ung and prodiced solitary
lesionis that progressed to diffuse thoracic- disenss:

‘The characteristies of tumor developient and metastasis
for the variou$ hanian ling cancer céll lines are sumitndrized in
Table 1.The adcnocarcinoma (PC14PE6) wis the most rapidly
growing tumor, Typxcan) 9 days after m;ecntm “solitary lésions
cowld be detected in sections of lung (Fi ig. 10y Dxﬁuse thoratic
growth (Fig. 1D) lead to death by 2.5~4.5 weeks after injection,
depending on the number of cells injéctéd, At the fime of death,
lymph node mietastasis (bilateral axilla and ntek) Was evident,
An inverse ratio was found between the number of tursor eglls
injected and production of pleural gffusion. The m;cmmn of
0.5 x 10° cells yiclded 8 Tung nodules sized 1-2 mm with 0.8
m! bloody pléwral effusion. The injection of 1 X 10% cells
produced Targer tutiors that. occupied 80% of the thorax With 0.2
ml ‘bloody pleural effusion, and the injection of 2 X 10° cells
produced rapid death from extensive tumor with no p!eurzﬂ
effusion. In all of the cases, the formation of pleural effusion
was sssocldted with pleural seeding by tumor cells, NCI-
H12999 {pooily differentisted NSCLC) also produced rapidly
Frowing tamors, aid the thice'died with diffuse disease’s weeks
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Table 2 Paclifaxe! therapy of bronchioloalveolar (NCI-H358) and adenocarcinoma (PCI4PEG) i.t. and s.c. tamors
Cells were implafitéd orthatopically in the Tungs or subcutis as dégeribed in the text. In all expcnmenk paclitaxe] therapy began on day 7 after
turiiér iinplantation. Por each of the'cell lines, the éxperiment was terminated when .t control mice became moribund. Moré pronotinged effect was
noticed in the subcutis tumor in commﬁson to the thoracic tumors, suggesting that pactivaze] had limited efféct on thi thoritic tumots In s sysem.

Control

Pactitaxel

Lung-and wmor weight (g)

Lung and tumor weight ()

] ] Incidence® Median Rarge Incidence Median Range
Bronchiodlveolar thoricie tumors . ) ) : )
Swdy 1 10110 0.367 0.219-0.515 /10 0.266 0.192-0.342
Swudy 2 919 0.319 0.256-1.240 10/10 0.271 0.229-0.305
Study 3 919 0345 0.266-1.313 959 0.215 0.171-0:338
Study 47 90 0340 0.190-0.399 89 '0.248 0.180-0:329
Rronchioalveolar subcutis tamors ) » _

Stody 1° 55 0412 0.225-0.662 5/5 -0,085 0.025-0.220
Adenccarcinoma thoracic tumars ] R :
Study 1 -5 0.320 10.298-0.350 515 0231 0.192-0.300

Adenocarcinoma subeutis tumors
Study 1° 5I5 0.550 0.380-0:850 .55 0008 0.015-0.320
- Srudy 299 5/5 L.72% 0.950--1.950° 575 0.542 [ .0,130-1.700

“Rumbe? of positve” mculnumbcr nf mfce survived the experiment.

® Puclitcke! dosapé wig 200 pig/mouse/week in all experimierits except sfudy 4 of NCI-H338 thoracic mmornsin which it was 100 pg/mousa wiek.

M ’lummf weight only reporicd.

#1n the PCIAPEG subcutis experiments, 1.5 X 10% cells were injected in the first study and 2 X 10 cells in the-second smdy

after injection. NCI-H358 (bronchicloalveolar carcinoma) cells
produged tumors with an Intermedinte growth rate as compared
with the other cell lines that were studied. Solitary nodules were
found 2 weeks after injectionof 1 % 10° cells, and mice died of

progressive diseass 8-9 weeks later. A549 (poorly differenti=

ated NSCLC) eells formed slow-growing tumors leading to
cachexia charseterized By wasting of the intefscapular museles.
None of the mice studied became cyanotic, and mice were killed
on the development of Tabored mouth breathing.

Tumorigenieity in Orthotopic and Ectopic Organs.
Two human NSCLC cell lines smpendcd in satine or Matrigel
were injected s.c, into the right flank of 5 miice/group. The rate
of tmor development was similar in alt of the miice. NCI-H358
cells developed s.c. tumors in'80% of mice injected with 2.5 X
10° cells, whereds 100% of mice injected 1.t With 2 X 10° cells
developed lung tamiors. PCT4PEG cells produced s.c. titors in
80% of mice injected with 1 X 10° cefls, whereas all of the miee
injected i.t. with 0.5 % 10° cells developed lung tumors. Tho-
racic tumors were fatal In all of the mice, whereas s.c. timors
were not assaciated with mortality whien turmdrs reached mix-
ima] permissible size. )

Serial in Vivo Passages for Selection of Cells with In-
eressed Tumorigeniclty. The squamous cell carcinoma cell
line NCI-H226 produted slow-frowing tumors With no pleu-
ra) effusion. Injection of 0.5 X 10% of 1 X 10% cells did not
form visible tumors up to 4 months after tumor implantation.
Six of 10 mice njected it. with 2 X 10% cells developed a
thoraeic turhor and became moribiind 3.5~4 months after
tumor injection. The largest tumors were harvested and és-
tablished in virro. Viable cells were harvested and reinjected
into the Jungs of nnde mice, Afier thrée such selection cyeles,
2 cell line with an ihcréased tumiorigénicity was jsolated
(Table 1).

In Viro Agarose Selection Enhaniced theé @ Vive
‘Tumorigenicity of NCI-H69 Cells. The injection of human-
SCLC NCI-H69 (0.5 X 105, 1 X 10% and 2 X 10% cells) into the
lungs of nude miice did not form tumors, In 1. mouse injected i.t.
Wwith 2 % 10° eells. o 2-mim timor was foind 12 Wweeks ofter
injection. To enhance the invasive potential ‘of the parenml
NCI-H69 cell line, a method of in vitro sélection tising anchor-

.sgc-mdepen&em growth of cells ini agarose (25, 26) was used.

The selection process was 1wice mpemed using hxgher coneen-

trations of top layer agarose from0,9% 10 1:2% {Table 1y. Afier

two cycles of selection in agarose, tumor cells formed lung
tumors in 8}l of the mice injected it

Lunp and Lysiphatic Metastiasis of NSCLC Turmor
Cells After it. Infection. To study fstior “progression and
mietastasis, adeniocarcinoma (PCI4PEG) and bronchioloalveolar

carcinoma (NCI-H358) cells were n‘ansl‘ected with GFP, Ten

mice were infected with either 0.5 X 10% or 1 X 10° cells in
Maitrigel, into the left lung as described above. Two mice were
killed at 4—7~éiay intervals. All of the mice injected developed
microscopic tumors jdentified by fluoreseence microscopy
(Fig: 1F). PC14PES progressed to mediastinal lymph nodes and
spread 16 the right lung on day 4 afier tnibr implantation. In
NCI-H358 turhors, Iyraph node and nght lunig lesions were
detected on day 28 after injection.

Chemothérapy Study. ‘We studied the effect of p'ich-
1axel of NCI-H358 (bronchiolotlvenlar carcmoma) and
PC14PES (adenocarcinoma) tamors, growing in the lungs or
the sutbcutis, In all of the experiments, therapy . began on day
7 after tumor inoculafion. We conducted several experiments
using 100 or 200 pg (4 or 8 mp/kg)dose pactitaxel. Therapy
was administered for up to five cycles or until control mice
became moribund. Mice injected with NCI-H358 wete
treated for five cycles and killed 7.3-9 weeks ‘after tumor
injection. Mice injected with PC14PE6 cells, a more aggres:

oy
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PC14PE6

Fig. 2 IHC staining for SFGF, VFUFNPF and 1L-8 of PCI4PEG and NCI-H358 orthompic tumom Although all of the facmrq were expms&ad by
the two wmers, VEGF/VPF expression was prominest in PCI4PES tumer. an adenocarcinoma that produces ‘plewnl effusion.

- sive cell line, were treated for four éycles and were killed 4

weeks after tomor implantation. Control mice ‘in the s.c.
injected gmupq did not have evidence of morBidity atthe end
of the experiment. All of the mice in all of the groups
tolerated therapy well, as assessed by similar median body
weights in contra! versus tréatment groups (data not shown),
The results of a1l of these experiments suggest that whereas

paclitaxel is efficacious in controlling tumor growth in the

lungs, it is much more effective for wreating s.¢. tumors
{Tablé 2). The trearment results of the thoracic tumors'did not
vary significantly when itsing 100 or 200 pg/dose paclitaxel,
Similarly, the drug effect did not change significantly when
by 7.5 or 9 weeks dfter nimor implantation.
Immunohistochemical Analysis of Thoracic Tumors,
Theracic nmors were examined for expression of several proait-
giopenic factors including bFGF, 1L-8, and VEGF/VPFE. These
factors were expressed at an early stage of timor progression, as
noted by positive stalning for bFGF in PC14PEG tumidts on day

9 after injection (Fig. 1E). A differential pattern of expression

for each growth factor was noted hetween the different types of
lung cancer. The pleural effusion producing aderocarcinoma
(PCI4PES) tumors expressed higher levels of VEGF/VPF as
compared with IL<8 and BFGF. These three factors werd also

expressed by the bronchiololveotir mrmors fNCI»HSSS), a1-
though to simiflar degree (Fig. 2). The NCLH358 wmor had Tow

expression of E-cadherin and high' expre&gmn of ‘matrix metzﬂ-

Toproteinase 2 (data not shown)

DISCUSSION .

We have developed reliable and reproducible orthotopie
nude mouse models of hing caricer i 4 stepwise fashion. First,
‘we verified the feasibility of thoracic injection and the devel-
opment of regional metasiasis usmg the pigmemed B16BLS
Hielanoma cell line i syngeneic mice, Next, four different
human lung furtor Yines were injectsd into the g of nude
mice: PC14PES, a pleural effusion producing aderiocarcinioma,
NCI-H358 bronchioloalvetlar carcinoma; snd NCI-H1299 and
AS549 poorly differentiated NSCLC lines: Two additional turmor
lines developed tumors after selection for miore aggrassive and
invasive clones: NCI-H226 squamons cell caréinoma was sé-
Iected in vivo in the lung using our mode), and NCI-HE9 sminll
cell lung carcinoma was selected on agarose in vitro. For each
of the lurig cancer cell lines sfudied, tumors formed as 4 single
focus at the site of injecnon into the lung: Turiors théd grew
progressively within the injected lung and spread to regionial and
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extrathoracic lymph nodes, and the contralateral lung. The pat-

tertt of spread of fang eaficer within the thorax is similar to that

observed efinically in patients with Junig cancer, suggesting that

the maodel is clinically relevant. The absence of clinically ap-
parent distant melastasis is most Jikely due to the aggressive
pattern of locoregional spread of eancer cells with mice dying of
diffuse thoracic disease before development of significant dis-

tant wietastasis. To overcome this poteitial limiation, comple-

mientary models of metastatic disdase (i e., brain, liver, and borie
models) sre now being developed for each of the lung saricer
types.

This made! validates the orthotopic principle that taror
cells grovw hetter in their tissue of origin and that more clinically
relevant stadies can be performed using the orthiotopic site of
taior growth. The importance of orthotopic models to study the
biclogy tind thetapy of cancer lind beer demonstrated for Gther
neoplasms (4, 7). Ched ef al. (28) studied the interaction be-
tween NSCLC tumors and macmphmcs in sutgical spemmens
and in celt lines, snd found that the importance of tumor cell and
microenvironment fnteraction holds &lso for the lung. They
sugpested that this interaction up-regilated the expression of
[L-8 by the tumor. Furthermore, high-density infilteation of
tumpr by macrophages was correlated with increased tumor
anglogenesis and adverse outcome in NSCLC patients, More-
over, our moidel closely réscrbles huinan lung cancer in jts
partial sesponse o’ chemotherapy. Althouah tredred mice had
shawn a reduction in turhor burden in responise to pachtaxc] {as
assassed by lung and wimdr weight), & mare dramatic response
was noted in sc. tumors. This effeet of pactitakel on s.c.
implanted tumors may in part esplain the difficulty with the
frafslation into a elinical reality of dramatic responses to ther-
apy that have heen observed for aniticancer agernits in preclinical
studies that rely solely on s.¢. tumor xetografts (6). Therefore,
it may be prudent to first screen novel anticancer agents in's.¢.
mmor mode:l«. an‘d to then screc*z active agents in orthotopic

To date, several O‘rthatopxc mdent modz.k have been de-

vetoped to study human lung cancer. Different techniques have:

been iged (o introdice rammiors includiog intrabronchial jrplan-
tation of a tumor cell inoculum (9- 11y with resdliant tumor
formation in the center of the thorax in 35-95% of animals,
However, intrabronchidl techaiquiés necessitated irradiation and
wachenstomy of laryngoscopy ‘and were associated with opera-
tive montality of 5%, Ahernatively, intrapleural implantition
of a tamtor cell inoculum without Matrfgel has been wsed (12,
13), which resulied ini the development of extrathoracic tumors
and an operative montality of $-10%. Tumors can also ‘be
implanted in the lung parenchyma after skin incision (14) or
tharaeotomy and surgical exploration of the pleura (15~17). The
skin incision model was associated with Tow opetative mortality
yet was much more time consuming and laborious, whergas the
thoracotomy model was astociated with mortality of about 5%.
Another common techrique used surgical human éancerous
specimens, which were implanted into the lurigs (8). However,
in this systeni the number of tumor cells varies between surgical

specimens. To date. none of these models had been widely

geeepted, and modt résearch is still done using s.c. models.
The models of Jung caricer that we' déscribe complement
those that have been developed previously and may overcome

some of the limitations associated with them. We have devel-
oped orthotopic models of each of the.common types of lung
caricér, which showd lead to an 1mpro\'ed unﬁerstandmg of the
influence of tumor histology on résponse to existing and emerg:
ing therdpies. The techniques needed for our models are repro-

dueible, can be performed quickly (ie; each wmouse can be

injected in udder 15 s), and are easily taught. It is associated
with virally fio procedure related antmial mordity, ‘Wheress

_preumothorax may occur, 4s showr in 3 of 10 treated mice

studied with X-ray imaging (Faxumn, data miot shown), ‘death

‘within 72 h of the thorax puncture is.<1%. angal is used to

provide a reproducible anchor, which fixes the imor cells to'the

site of injection and avoid cell dispersion. In most experimeits

we used prowth factor-reduded ‘Marrigel. Tt contains Limied

Amounts of growth factors, which are additionally diluted in the

process of cell suspeniion preparation, Gverall tumor cell im-
plantation’ with its addition results in a réproduéible tifior size,
which enables therapentic experiments a$ demonstrated with
paclitaxel as well as study of tumor biclogy and metastasis.
OF special interest is the expression 'of proangiogenic fac-

{ors by the implanted lung tamors. The sigmﬁcance of BFGF,
VEGFIVPF, and 1L-8 iri human NSCLC had been studied ex-
tensively, and their expression had beea shown to correlate with

poor outcome in human lung cancer patients (29), These factors
arc impormm fnr’mmm' progrcs‘dnn 'md the formation of the
of lung adenocarcmoma bFGF wias gxpremd by early and
locally sdvanced humian lesions in the langs of nudé mice,
Thése data dre condistent with whit has béen obstrved in the
eliniic, because bFGF was shiow 1o Play a key role in himan

.lung cancer progression (30) and was expressed even in small
tuimors (=2 om} grawth (313, Takin togéther; the data siipgest

that it may be pruderit to target bEGF for lung denocatcinoma

using antl-bFGF therapies such as low dose-daily IFN (32). In

our model of bronchioloalveolar carcinoma (INCI-H358), tumors

‘were found 1 have low expréssion of E-cadherin (as*;ocmted

with c&ﬂ to-cell cohesion arid adhemnn) sind Kiph' expression of
matrix metalloprotemasc 2 (associated with mv'xsxon) This pry-

portion had been found fo correlate with increased human lung
‘cancer tunor aggréssivencst (33), which siibstantiares the met-
-astatic behavior of this taritor, Interestingly, VEGF/VPF exXpres-

sion was higher in Iung adenocdreinonias (P(‘ I4PI:;6) thisn for

 ofher lung cancer histologles, which may be refated to” pmduc-

tion of pleural effusion by PCI4PE6 tumors. Indeed, Senger
et al. (34) had identified this molecule by its abxlny 10 fnduce
vastular leaking and named it vasculdr pcnneabxlny factor.
Yano vt al. (19) had found the félation betwesn VEGE/VPE and

PC14PES tumors in & metastatic tomor and, s far as we kiiow,

our finding is the first in an orthotopic model.

In summary, we have déveloped in vivo models of pfimary
Tung cancer for both himan NSCLC and hudtman SCLC; which
are reproducible; well tolerated, feasible, and srrmghtforward to
perform, These lung cancer models closely mimic the pattefns
observed for the natural progression of primary lung cancer

from a single nodule to disseminated disease, and enables sudy

of novel therapeittics and better understanding of lung cancer
metastasm :
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